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Cyanobacterial harmful algal blooms (cHABs) are characterized by the formation of toxins 
that can impact animal health, cause water quality issues, and recreational hazards. Microcystis, a 
common genus of cyanobacteria, produces the potent protein phosphatase inhibitor microcystins. 
Microcystins are nitrogen-rich and have an associated metabolic cost for production. Some 
outstanding questions in the study of cHABs is why are microcystins produced, what are the 
benefits of toxin formation, and why only some Microcystis strains produce microcystins? We 
examined a potential biochemical role for microcystins in the cyanobacterial photosystem 
regulation in response to various light conditions. Single-celled culture strains of toxic and non-
toxic Microcystis aeruginosa were grown under different light irradiances. High-light conditions 
caused light stress based on decreased photosynthetic efficiency. Cells responded over 2-3 days 
by decreasing their chlorophyll and phycobilisome content per cell in unison. Looking at a natural 
system over a diurnal cycle of changing light intensities, Microcystis responded to high-light 
environments via vertical migration deeper in the water column to avoid light stress. In one culture 
and in situ, there were no changes in microcystins concentration per cell, but one strain showed 
decreased microcystins under low-light. Therefore, microcystins protein phosphatase activity may 
not be involved with phosphorylation/dephosphorylation under high-light. High-light 
environments are also associated reactive oxygen species (ROS) production. We investigated if 
microcystins were linked to ROS sensitivity by examining how three chlorophytes and seven 
cyanobacteria responded to the ROS compound hydrogen peroxide (H2O2). There was no evidence 
that toxic cyanobacteria were more sensitive to ROS than non-toxic cyanobacteria or chlorophytes. 
Addition of H2O2 did not change the microcystins concentration per cell. While these experiments 
did not elucidate the biochemical function of microcystins in Microcystis, they provided valuable 
information for water quality managers. cHAB monitoring programs must carefully consider 
vertical migration away from the surface during high-light conditions. The use of H2O2 as a control 
mechanism may not selectively remove toxic cyanobacteria. Despite visual similarities, 
Microcystis is composed of diverse species with a wide-range of responses to light and ROS. Care 
must be taken when applying conclusions using a limited number of strains to broader populations. 
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1.1 Definitions and concepts 
Cyanobacteria, also known as blue-green algae, are the world’s oldest oxygenic 
phototrophs. They proliferated approximately 3.5 billion years ago (Carmichael, 2001; Paerl & 
Otten, 2013). Cyanobacteria thrive in both fresh and salt water systems and produce cyanobacterial 
harmful algal blooms (cHABs). cHABs can have environmental, health, and economic impacts  
due to the timing of blooms, types of toxins produced, concentration of toxins, and the individual 
toxin variants over the course of the year (Carmichael & Boyer, 2016). Cyanotoxins, which include 
neurotoxins, dermatoxins, and hepatotoxins, can cause concern for human health and recreation, 
as well as the health of other animals (Falconer et al., 1992; Pilotto et al., 1997; Chorus & Bartram, 
1999; Falconer, 2008; Carmichael & Boyer, 2016). The common cyanotoxins include microcystins 
(MC), anatoxins (ATX) and homo-anatoxins, cylindrospermopsins, saxitoxins or the paralytic 
shellfish toxins (PSTs), Guanitoxin (GNT, formerly ATX-a(S)) and β-N-methylamino-l-alanine 
(BMAA) (Sivonen, 2009; Buratti et al., 2017; Fiore et al., 2020).  
The genus of interest for this work is Microcystis, which can produce the hepatotoxin MC, 
is commonly found in New York lakes (Boyer, 2007). The environmental factors leading to toxin-
producing strains of Microcystis are unknown. Higher levels of transcription for the MC gene was 
observed under low nitrogen conditions (Orihel et al., 2012; Pimentel & Giani, 2014) and under 
high light intensities (Kaebernick et al., 2000). However, we have a poor understanding as to why 
MC are being produced, which has limited our ability to put the prevalence of these toxins in an 
ecological context.  
The MC toxins are protein phosphatase inhibitors (PPI), specifically inhibitors of type 1 
 2 
and 2A serine-threonine protein phosphatases (PP1 and PP2A) (MacKintosh et al., 1990; Runnegar 
et al., 1995). PP1 and PP2A inhibitors modify phosphorylation states of proteins contributing to 
cell regulation (Smith & Walker, 1996), which leads to liver cell wall breakdown in mammals. 
MC can also damage cells by oxidative stress in the liver, kidney (Moreno et al., 2005), testis (Liu 
et al., 2010), brain (Wang et al., 2010), and intestines (Moreno et al., 2003). While these toxic 
effects of microcystins occur in higher organisms, the endogenous role of these “toxins” in the 
producing cyanobacteria is unknown. Possible roles include as an anti-grazing compound, an 
internal regulator, or as a quorum-sensing compound (Schatz et al., 2007). 
Here, we focus on MC as a regulatory compound to impede light intake by the Microcystis 
phycobilisome (PBS). The PBS light-harvesting protein complex is distributed throughout 
cyanobacterial cells. They are comprised of three main proteins: phycocyanin (PC), phycoerythrin 
(PE), and allophycocyanin (APC) and several linker proteins (Bryant, 1982). The cyanobacteria 
photosystem contains photosystem II (PSII), photosystem I (PSI), and the PBS. Energy transfer 
between these three photosystem components needs to be closely regulated to prevent 
photoinhibition under high light conditions.  
Protein phosphorylation of these components may be an important part of this regulation. 
Phosphorylation of the photosystem light harvesting complexes LHCII and LHCI is used to control 
energy transfer in higher plants (Tikkanen et al., 2011). Cyanobacteria contain similar threonine 
residues in their photosystem II complexes where phosphorylation could occurs (Komenda et al., 
2012). Phosphorylation in Synechococcus occurs in PSII and PSI as part of chromatic acclimation 
in the pigments of organisms in response to changing light intensities (Sanders et al., 1989). Protein 
phosphorylation of the PBS in Microcystis has not been established but could also play a role in 
the regulation and assembly of the Microcystis pigment complexes. 
 3 
The Microcystis aeruginosa PBS consists of a PC antenna complex sitting on top of an 
APC trimer core that is attached to PSII and PSI (Raps et al., 1985). Phosphorylation could impact 
energy transfer in Microcystis via changes in the PBS assembly. The length of the antenna complex 
changes under different light conditions (Bryant 1994). Under “low” light condition, the 
phycobilisome gains PC pigment proteins to lengthen the antenna complex to gather more light 
energy; whereas under “high” light conditions, PC pigment proteins are removed from the antenna 
complex (Bryant, 1994; Tandeau de Marsac & Houmard, 1988). Adaptation to different light 
conditions can also occur by increasing or decreasing the number of structures within the thylakoid 
membrane (Raps et al., 1985) and by where the PBS is positioned relative to the PS-I and PS-II 
reaction chlorophylls (Chukhutsina et al., 2015). The mechanism on how the PBS is modified 
under changing light conditions is currently unknown.  
1.2 The problem addressed 
We used single-celled strains of Microcystis aeruginosa, both toxic and non-toxic, grown 
under different light irradiances to examine how changing light conditions affects photosynthetic 
parameters, MC production, and phosphorylation of the PBS. We examined two hypotheses: H1) 
Under increased light irradiances, the length of the phycobilisome antenna system is regulated by 
phosphorylation of the phycobiliproteins in Microcystis and H2) Increased levels of light will result 
in increased microcystin concentration resulting in decreased levels of the phosphorylated form of 
phycocyanin.  
These hypotheses suggest that increased light would cause a higher concentration of MC. 
This increase in MC should cause an increase in phosphorylated PC, leading to a shorter antenna 
within the PBS of Microcystis spp. We examined changes in the antenna complex under various 
light intensities with two cultures that produced MC and one culture that did not produce MC. The 
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bulk concentrations of PC and PE were quantified, as well as key photosynthetic parameters 
(Fv/Fm, yield, alpha). MC concentration on a cellular basis under low and elevated light conditions. 
The concentration of PC and PE, as well as their phosphorylated variants of these compounds, 
under low and elevated light conditions were measured. 
The regulation of the cyanobacterial photosystem is described in more detail in a general 
literature review presented in chapter 2, as well as the importance of understanding the 
photosystem as it relates to HABs. Chapter 3 examines what occurs to bulk concentrations of PC 
and PE, toxin levels, phosphorylation levels, and photosynthetic efficiency on a cellular basis of 
Microcystis spp. Chapter 4 examines how light levels affect Microcystis pigments within a lake. 
Chapter 5 examines the disruption of growth of toxic and non-toxic cyanobacteria due to the 
addition of the ROS species, hydrogen peroxide. Finally, chapter 6 provides an overall discussion 
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2.1 The cyanobacterium Microcystis spp. 
Cyanobacteria, originally called blue-green algae, were reclassified as a photosynthetic 
bacteria in the 1960s due to their lack of cellular organization, chromatic structure, and chloroplasts 
(Fogg et al., 1973). Cyanobacteria were named for their color, which they get from their 
photosynthetic accessory pigments, phycocyanin (PC) and phycoerythrin (PE). The first known 
writing about cyanobacteria date back over 900 years when they were described growing in a 
freshwater system, but it took until the early 19th century for scientists to identify specific genera 
(Fogg et al., 1973). Since then, cyanobacteria are known worldwide due to the problems that they 
can create. 
Cyanobacterial harmful algal blooms (cHABs) occur worldwide from the polar regions to 
the tropics. Some cHABs can produce toxins, malodorous compounds, and have long-term impacts 
on the local ecosystem (van Apeldoorn et al., 2007; Heisler et al., 2008; Watson, 2019; Wehr, 
2011; Carmichael & Boyer, 2016). These blooms have significant socioeconomic and ecological 
impacts on drinking water, local fisheries, agricultural land, tourism, property costs, water quality, 
the local food web, and contribute to anoxia and fish kills. Human health concerns focus on the 
toxins produced by cHABs. Several species of cyanobacteria produce dermal toxins (i.e. 
lyngbyatoxin), neurotoxins (i.e. anatoxin-a, guanitoxin, and paralytic shellfish poisoning toxins), 
and hepatotoxins (i.e. microcystins and cylindrospermopsins) (Carmichael, 1994; Wehr et al., 
2015; Carmichael & Boyer, 2016). Species of Anabaena, Dolichospermum, Aphanocapsa, 
Hapalosphon, Microcystis, Nostoc, Oscillatoria, Planktothrix, Anabaenopsis, Arthrospira, 
Snowella, and Woronichinia can produce microcystins. Strains of Anabaena, Dolichospermum, 
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Aphanizomenon, Cylindrospermopsis, Microcystis, Arthrospira, Oscillatoria, Phormidium, 
Planktothrix, and Raphidiopsis can produce anatoxins (Wehr et al., 2015). Some genera produce 
more than one type of toxin, as well as some strains within a genus may not produce any toxins 
(Komarek, 2008). Not every strain produces the same amount of toxin per cell, or even the same 
toxin congeners. Therefore, understanding the triggers for producing toxins is important for 
mitigation and management of cHABs, as well as the overall protection of human and ecosystem 
health. Here, I focus on the genus of Microcystis and what prompts these cyanobacterial cells to 
produce microcystins. Specifically, I examine whether microcystin is involved in regulation of 
photosystem activity in Microcystis.  
The genus Microcystis is common worldwide, and found everywhere except Antarctica 
(Buratti et al., 2017). Microcystis spp. are planktonic in eutrophic lakes and ponds, but can also 
occur in mesotrophic and oligotrophic systems (Paerl & Huisman, 2008; Paerl et al., 2014; Rastogi 
et al., 2014). Microcystis spp. form macro- or microscopic colonies (spherical, oval, lobate, or 
irregular in shape) in natural freshwater systems. The cells within the colonies are spherical and 
free floating with aerotopes, allowing this genus to float in the water column. Some species of this 
genera produce multiple congeners of cyanotoxins, microcystin, and/or anatoxin-a (Wehr et al., 
2015; Carmichael & Boyer, 2016). 
There are currently 21 described species of Microcystis worldwide (Komarek, 2008), 
although the species concept is difficult to apply to cyanobacteria (Dvořák et al., 2015). M. 
aeruginosa consists of both toxic and non-toxic strains, and it is considered the most common 
member of the genus (Fig. 2.1). This species is considered toxic under most conditions (Komarek, 
2008), but could be non-toxic if one of the essential genes of the microcystin operon was removed 
(Pearson et al., 2004). M. aeruginosa forms elongated, irregular, lobate colonies, up to 8 mm on 
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rare occasions. It forms net-like clathrate colonies with mucilage that is colorless and rarely visible. 




















Figure 2.1: Microcystis aeruginosa obtained at 400x magnification. 
Micrographs obtained on a Leica DM2000 light microscope by D. 
Derminio. 
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2.2 Microcystin  
2.2.1 Structure and toxicity of microcystin  
 Toxic Microcystis strains can produce the hepatotoxin microcystin, a cyclic heptapeptide 
with the specialized 3-amino-9-methyoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic (Adda) 
amino acid known to only cyanobacterial toxins (Fig. 2.2). Microcystins contain 7 amino acids in 
a cyclic structure with a second unusual amino acid, methyl-dehydroalanine (Mdha) along with 
Adda (Craig et al., 1996). These amino acids, are important for the binding of microcystins to 
protein phosphatases. The microcystin ring system contains two highly variable sites, which form 
the basis of microcystin nomenclature. Microcystin-LR contains leucine (L) and arginine (R) in 
these highly variable sites, microcystin-RR contains arginine at both variable sites, etc. Over 250 
different congeners of microcystins have been identified (Spoof & Catherine, 2017) with 
Microcystin-LR being one of the most toxic and ubiquitous in natural waters (Tsuji et al., 1994).  
Microcystins are protein phosphatase inhibitors (PPI) for protein phosphatases 1 and 2A 
(MacKintosh et al., 1990). Inhibition of protein phosphatases and the resulting excess 
phosphorylation of proteins leads to cellular damage with alterations in the cytoskeleton, change 
in shape of liver cells, hemorrhages within the hepatic cells, and hepatic insufficiency (Dawson, 
1998; van Apeldoorn et al., 2007). This can result in acute toxicity due to liver failure. Microcystins 
may also cause cellular proliferations, tumors, cancer, cellular apoptosis, kidney damage, and the 
creation of reactive oxygen species (ROS) (Campos & Vasconcelos, 2010; Massey et al., 2018). 
In addition to acute toxicity, exposure to microcystin has been linked to an increase incidence of 
diabetes mellitus through their inhibition of the protein kinase/phosphatase signaling pathways 
(Zhang et al., 2018). Two well publicized cases of human microcystin intoxication occurred in 
Brazil and China. In 1996, a cHAB event occurred in a Brazilian water supply system for a dialysis 
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treatment center. Seventy dialysis patients died from liver failure due to acute microcystin 
exposure (Carmichael, 2001). A more recent (2005 to 2009) cross-sectional study in China found 
elevated liver enzymes in children living in regions with frequent cHABs. The authors suggested 
that prolonged exposure to microcystins led to liver damage in these children (Li et al., 2011).  
Microcystins do not passively diffuse into cells, but are transported through the organic 
anion transporting polypeptides (OATP) transporters (Hagenbuch & Gui, 2008) (Fig. 2.3). The 
variations on the microcystin structure and their resulting charges (anionic versus cationic) cause 
the different congeners to be absorbed at different rates leading to different levels of overall 
toxicity (Niedermeyer et al., 2014). Different cells have increased or decreased levels of the OATP 
transporters, leading to a different toxicity to individual cell types. High concentrations of OATP 
transporters are found in hepatocytes, which accounts for the commonly observed hepatotoxic 






Figure 2.2: The chemical structure of the heptapeptide microcystin-LR. 
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2.2.2 Protein phosphorylation 
Protein phosphatases/kinases play an important role in cellular regulation (Cheng et al., 2011). 
Protein phosphorylation was discovered in the mid-1950s and was widely accepted as a 
mechanism for molecular regulation in eukaryotic organisms, but not for less complex prokaryotic 
organisms (Saier, 1993; Kennelly & Potts, 1996; Wurgler Murphy et al., 2004). In the 1980s, 
protein phosphorylation in prokaryotes was recognized to be associated with familiar signal 
transduction cascades of eukaryotes (Cozzone, 1988; Hess et al., 1988; Bourret et al., 1989; Stock 
et al., 1989; LaPorte, 1993). There are now many examples of protein phosphorylation in 
cyanobacteria covering a range of biochemical functions. Examples where protein phosphorylation 
has been identified span from unicellular to filamentous species; these include Anabaena sp. PCC 
7120 (Mann et al., 1991; Ohmori et al., 2001), Calothrix sp. PCC 7601 (Schuster et al., 1984), 
Fremyella diplosiphon from the Red Sea (Schuster et al., 1984), Microcystis aeruginosa PCC 
7820, Microcystis aeruginosa UTEX2063 (Zhang et al., 2006), Nostoc commune UTEX 584 (Potts 
et al., 1993), Prochlorothrix hollandica (Warner & Bullerjahn, 1994), Synechococcus sp. PCC 
7942 (Forchhammer & Tandeau de Marsac, 1994), Synechococcus PCC 6301 (Allen et al., 1985; 
Holmes & Allen, 1988), and Synechocystis sp. PCC 6803 (Bloye et al., 1992; Irmler & 




Figure 2.3: Suggested pathway of microcystin entering eukaryotic cells using organic anion 
transporting polypeptides (OATP). Microcystin inhibits protein phosphatases, which results in 
an over-phosphorylation of various protein (CaMKII, NeK2, MAPKs, DNA-PK, and P53 
proteins that cause nuclear and mitochondrial modifications, leading to cellular failure. 
(Modified from Campos and Vasconcelos, 2010). 
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Protein phosphorylation is now accepted as a universal regulatory mechanism in 
prokaryotic and eukaryotic organisms across diverse molecular processes including metabolism, 
gene expression, receptors, cell signaling, and responses to environmental stimuli (Bennett, 1977; 
Hunter & Cooper, 1985; Sprang et al., 1988; Bennett, 1991; Allen, 1992; Warner & Bullerjahn, 
1994; Bray, 1995; Ostrovsky & Maloy, 1995; Thomas & Trust, 1995; Frasch & Dworkin, 1996; 
Weng et al., 1999; Obsil & Obsilova, 2011). Reversible protein phosphorylation is a common post-
translational modification and essential in signal transduction to regulate the function, localization, 
and binding specificity of target proteins (Hunter, 1995; 2000; Rogers & Foster, 2009; Soufi et al., 
2008). Protein phosphatases, specifically PP1 and PP2A, are themselves regulated post-
transcriptionally by protein phosphorylation/dephosphorylation at Ser/Thr residues in eukaryotes 
(Aitken et al., 1995; Aitken, 1996; Comparot et al., 2003). Similar protein phosphatase have also 
been identified in cyanobacteria (Mann, 1994; Zhang et al., 1998; Ponting et al., 1999; Zhang et 
al., 2006; Baniulis et al., 2009; Los et al., 2010; Sobiechowska-Sasim et al., 2014; Qu et al., 2018). 
Protein phosphatases are generally paired with an appropriate protein kinase. Ser/Thr/Tyr 
phosphorylation by these kinases is important in many biological processes, including cell 
motility, photosynthesis, carbon and nitrogen metabolism, and stress responses (McLachlin & 
Chait, 2001; Zhang et al., 2006). Ser/Thr phosphatases provide a tight, reversible, and adjustable 
control required for apoptosis, gene expression, cell cycle progression, cytoskeletal regulation, and 
energy metabolism (Bray, 1995; Weng et al., 1999; Vener et al., 2001; Kinoshita et al., 2006; 
Virshup & Shenolikar, 2009). Protein phosphorylation within cyanobacteria was suggested as a 
proposed mechanism for the modification for the cyanobacteria photosystem (Bruce et al., 1989). 
Apropos to this thesis, changes in phosphorylated serine and threonine residues in a number of 
microbial proteins were detected under different light conditions (Warner & Bullerjahn, 1994). 
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Microcystins are specific inhibitors of the Ser/Thr phosphatases of the PP1 and PP2A types 
(MacKintosh et al., 1990; Campos & Vasconcelos, 2010). The active site of Ser/Thr protein 
phosphatases are characterized by having two metals located at the convergence of three surface 
grooves which forms a Y-shape. These three grooves radiating from the center are termed the 
hydrophobic groove which contains several conserved hydrophobic residues, the acidic groove 
with considered acidic residues, and the carboxy terminal groove formed by the C-terminus of the 
protein. The Adda group of microcystins bind to the hydrophobic groove, while the carboxylic 
acid group of the adjacent isoglutamate residue directly coordinates with the two catalytic metal 
ions located at the convergence of the grooves. This effectively blocks access to that catalytic site 
(Goldberg et al., 1995; Dawson, 1999) (Figure 2.4). Adjacent to the catalytic metals is a β12-β13 
domain that contains a cysteine (Cys273) (Xie et al., 2006). Microcystin-LR will form a covalent 
linkage between the Mdha residue and this cysteine via Michael addition (MacKintosh et al., 1990; 
Dawson, 1999; Campos & Vasconcelos, 2010; Zong et al., 2017). This covalent modification of 
the enzyme occurs well after any initial inhibition and blocking this covalent modification through 
reduction of the Mdha did not affect the toxicity of the microcystin (Hastie et al., 2005; Maynes et 
al., 2006). While most of the in vivo toxicity is due to its reversible binding to the protein 
phosphatase, the physiological importance of this covalent linkage is currently unknown. It has 






Figure 2.4: Molecular structure of microcystin-LR and its proposed binding to protein 
phosphatase 1. The Adda group fits within a hydrophobic pocket of the PP-1 and the Mdha group 
forms a Michael adduct to its adjacent Cys-273 (Modified with permission from Zong, 2017) 
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2.2.3 The endogenous function of microcystins within the Microcystis cell 
Microcystins are rich in nitrogen and have a high metabolic cost to be produced, therefore 
it is likely they have an important biological function within the cell (Codd, 1995; Neilan et al., 
2013). This function within Microcystis cells has yet to be elucidated. Although microcystins are 
a toxin in mammals, its function in the cyanobacteria could be unrelated to its toxic properties. 
Multiple functions for microcystins have been hypothesized, including being a grazing deterrent 
(Lürling, 2003), a signaling or quorum sensing compound (Sharif et al., 2008; Zhai et al., 2012), 
or as an allelochemical (Vardi et al., 2002; James et al., 2010). It is well established that the 
presence or absence of microcystins is determined by the presence or absence of the toxin mcy 
gene cluster. It is less clear how environmental factors like nutrients, salinity, light intensity, and 
temperature can influence the toxin concentration (Kameyama et al., 2004; Lee et al., 2000; 
Dittmann et al., 1997). The mcy gene cluster does have regulatory elements for nitrogen (Ntc), iron 
(Fur), and light (Rpa) (Kaebernick et al., 2000; Ginn et al., 2010; Kaushik et al., 2015). Iron and 
nitrogen are generally associated with amino acid synthesis so these regulator elements would be 
expected. The role of light is less obvious. Increased microcystins peptide synthetase and 
polyketide synthase gene transcription occur due to high light intensities. Light in the red-light 
spectrum was responsible for this effect on genes. Under stressed conditions, the transcript levels 
in this operon were reduced (Kaebernick et al., 2000). The functions of these regulatory elements 
and their relationship to toxin production is currently unknown.  
Microcystins are localized throughout the cell but appear to be preferential associated with 
the thylakoid regions, the nucleoplasm, and pyrophosphate bodies of cyanobacteria (Young et al., 
2008). Preferential localization within the thylakoid membrane could indicate that microcystins 
have a regulatory role involving the photosystems (Jüttner & Lüthi, 2008; Pearson et al., 2008). 
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Protein phosphorylation has been shown to regulate photosynthetic activity under various light 
intensities or redox potentials (Schuster et al., 1984; Allen et al., 1989; Sanders et al., 1989; 
Harrison et al., 1991; Race & Gounaris, 1993). The reversible phosphorylation of proteins under 
light and dark conditions have been observed in plants, isolated chloroplasts, and thylakoid 
membranes (Allen, 1992; J. Bennett, 1991; Gal et al., 1997). Reversible protein phosphorylation 
on Ser and Thr has also been widely observed in cyanobacteria with potential targets being 
involved in cell mobility, carbon metabolism, oxidative stress, and the proteins of the 
phycobilisomes and light harvesting systems, described below (Zhang et al., 2006). 
 
2.3 Photosystems 
Photosystems of algae are made up of a variety of pigments including chlorophylls, 
carotenoids, xanthophylls, and phycobilins. Various pigments allow for light absorbance at 
distinctive wavelengths, which can be advantageous under different conditions.  
 
2.3.1 Eukaryotic photosystems 
 Photosynthesis in eukaryotic organisms are localized to the chloroplast. The thylakoid 
membrane contains integral proteins, including the photosystem reaction centers, antenna 
pigment-protein complexes, and core components of the photosynthetic electron transport chain. 
Accessory proteins non-covalently bond to the other proteins allowing energy to transfer from the 
photosystem antenna complexes to the reaction centers. Light energy is absorbed by photosystem 
II (PSII) where the oxygen evolving complex passes electrons to a plastoquinone (PQ) from the 
stromal side. The resulting PQH2 passes the electrons into cytochrome b6f, which passes them to 
plastocyanin within the thylakoid lumen, and eventually to the receiving side of photosystem I 
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(PSI). Light energy absorbed by PSI again transfer electrons across the membrane to a ferredoxin. 
From there, the electrons are pass though ferredoxin-NADP+ reductase (FNR) to convert 
nicotinamide adenine dinucleotide phosphate (NADP+) to its reduced form (NADPH). Electron 
transport generates a proton gradient, which coupled with adenosine triphosphate (ATP) synthase 
forms ATP from adenosine diphosphate (ADP). PSII and PSI work together to produce ATP and 
NADPH through a linear electron transport pathway called the Z-scheme (Fig. 2.5).  
Linear electron flow requires that both PSII and PSI run at the same speed (Niyogi et al., 
2005; Barros & Kühlbrandt, 2009). When PSII is running faster than PSI, the PSII light-harvesting 
complex (LHC) moves away from the PSII photosystem core to decrease the light energy 
transferred to the PSII reaction center. This prevents photodamage to PSII and photoinhibition of 
the cell (Niyogi et al., 2005; Barros & Kühlbrandt, 2009; Rastogi et al., 2014). Modulation of 
energy distribution between photosystems in green algae and higher plants is regulated by 
phosphorylation and dephosphorylation of the light-harvesting complex (LHC) (Staehelin & 
Arntzen, 1983; Tikkanen & Aro, 2012). This phosphorylation changes the protein conformation 
and forces the light harvesting complex to move away from the core reaction center, decreasing 
the energy transfer to the PSII. Phosphorylation may also result in the mobile LHC moving out of 
the appressed grana regions in to the stromal membranes where it more closely interacts with PSI. 
Both mechanisms cause a redistribution of the energy between PSII and PSI. The resulting changes 
in fluorescence released from PSII and PSI are known as state transitions (Bonaventura & Myers, 
1969; Murata, 1969; Bennett, 1991; Allen, 1992). Most photosynthetic organisms rapidly 
redistribute this excitation energy between PSII and PSI in response to changes in irradiation 
conditions (Murata, 1969; Bonaventura & Myers, 1969).  
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Figure 2.5: The Z-Scheme: A diagram, of electron flow in photosynthesis. Abbreviations: Ao for 
a special chlorophyll a molecule (primary electron acceptor of PSI); A1 for a phylloquinone 
(Vitamin K) molecule; Chl, Chlorophyll; Cyt, cytochrome b6f complexes; FeS, Iron sulfur center; 
FX, FA, and FB, three Iron Sulfur Centers; FD, ferredoxin; FNR, Ferredoxin NADP oxidoreductase; 
P680, Photosystem II primary donor with a wavelength of 680 nm; P700, photosystem I primary 
donor with a wavelength of 700 nm; PC, plastocyanin; PQ, Plastoquinone; QA, Primary acceptor 
quinone; QB, secondary acceptor quinone; Tyr, Tyrosine. 
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2.3.2 The cyanobacterial photosystem 
The prokaryotic cyanobacteria have similar pigments to the other algal groups, like chl-a. 
They lack chloroplasts and organized membrane structures such as grana, but their pigment protein 
complexes are organized into microdomains on their thylakoid membranes that contain their 
reaction centers (PSI and PSII) and the associated light harvesting pigments (Strašková et al., 
2019). A second major difference is the light harvesting complex primarily associated with PSII 
is replaced with a multi-protein super complex call the phycobilisomes (PBS). PBS are also found 
in some eukaryotic algae including the cryptomonads and red algae (Bryant, 1982; Santiago-
Santos et al., 2004; Stadnichuk et al., 2015). Phycobilisomes are generally composed of four types 
of proteins. Teal-colored allophycocyanin (APC) and colorless linker proteins are associated with 
the central core of the PBS, whereas the pigment proteins PC (blue) and PE (red) are in the antenna 
arms of the PBS (Bryant, 1982).  
Phycobilisomes form a highly efficient light-harvesting complex that can gather light at 
deeper and darker levels than chlorophyll alone (Ramus, 1983). The PBS sits on top of PSII and 
PSI that accounts for up to 30% of total cellular protein in a cyanobacterium which may contain 
up to 350-400 light-harvesting phycobilin chromophores (Lundell & Glazer, 1983; Tandeau de 
Marsac & Houmard, 1993; Grossman et al., 1995). PE, when present, is located on the outside of 
the antenna complex, whereas PC is located closer to the central cylindrical core (Fig. 2.6) (Allen 
& Holmes, 1986; Bennett & Bogorad, 1973; Sambamurty, 2005). The PC and PE protein structures 
are not simple, and vary from genus to genus, if not species to species (Table 2.1). Each protein 
monomer consists of an α/β heterodimer. These monomers are covalently linked to their phycobilin 
pigments (e.g. phycocyanobilin for PC, phycoerythrobilin for PE, and phycoviolobilin for 
phycoerythrocyanin (PEC)) via a thioether linkage to cysteine. The molecular weight of the 
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monomeric PC is 28- 30 kDa; and there is considerable variation in how these phycobiliproteins 
monomers are arranged into rods. The PC α/β monomers generally form a hexameric ring that 
consists of a dimer of trimers. The β-ring formed by the β subunits from three monomers is paired 
with its corresponding α-ring. This is paired against a second α-ring and corresponding β-ring so 
that the two β-rings are on the outside of the symmetrical hexamer. These hexamers are stacked 
on top of each other and held in place by the rod-linker proteins. However, PC can vary from a 
homo monomer to a hetero 24-meric structure. PE structures are less diverse and vary from homo 
and/or hetero 12-mer cyclic structure depending on the species and the conditions used to grow 
the organism (Table 2.1) Other organizations including a homo protein stoichiometry consisting 
of only a structures or a hetero protein stoichiometry with a, β, γ, or δ, subunits are known 
(Berman et al., 2000; Watanabe & Ikeuchi, 2013). Regardless of their subunit composition, these 
phycobiliproteins are spatially arranged within the rod to allow for directional energy transfer from 
PE (absorbs blue-yellow light between 490-550 nm) or PEC (absorbs orange light between 500-
620 nm) to PC (absorbs red light between 620-630 nm) to the APC cylinders located in the central 
core. In those cases where PE or PEC is absent (e.g. Microcystis see below), the PC located in the 
end of the rod has a slightly different absorbance spectrum from the PC located close to the core 




Table 2.1: Quaternary structures of phycocyanin and phycoerythrin from different species, as 
reported in the RCSB Protein Data Bank. 
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This central core consists of trimers of APC (absorbs light between 650-680nm) connected 
to both the antenna proteins and reaction centers by linker proteins. The APC core consists of a 
disk formed by an APC trimer. Two to four of these discs are stacked on top of each other to form 
a cylinder held together by the core linker proteins. The central core itself consists of a bundle of 
two (bi-cylindrical), three (tri-cylindrical) or five (penta-cylindrical) core cylinders. Normally six 
to eight rods are bound to this central core via rod-core linker proteins. This PBS super-complex 
is then attached to the thylakoid membrane and its associated reaction centers via the core-
membrane linker proteins (Watanabe & Ikeuchi, 2013). The result of this super assembly is that 
light energy is captured by the PBS antenna pigments and passes efficiently to the PSII reaction 
centers. During linear electron transport, that energy is transferred from PSII to PSI via an electron 
transport chain (Bryant, 1994; Mullineaux, 2014).  
The PBS antenna length can increase with decreased light and vice versa (Tandeau de 
Marsac, 1977; Zilliges et al., 2011). Under low-light conditions, cyanobacteria make the antenna 
longer by adding more PE and PC subunits to gather more light (complementary chromatic 
adaptation or CCA) (Stadnichuk et al., 2015). Changing the arrangement and quantity of PC and 
PE attached to the PBS core can prevent excess light energy from entering PSII, which decreases 
photoinhibition and oxidative stress. If PSII is excited more than PSI, energy is preferential 
transferred to PSI (e.g. state transition), possibly by the movement of the PBS towards the PSI 
reaction center (Mullineaux, 2004; Kaňa et al., 2014). Alternatively, over excitation of PSII can 
lead to energy transfer to orange carotenoid protein and energy dissipation (Kirilovsky & Kerfeld, 
2016; Kirilovsky et al., 2014; Calzadilla et al., 2019). Short term fluctuations (minutes) in light 
intensity do not change the structure of the PBS; however, long-term survival requires alterations 





Figure 2.6: Phycobilisome in cyanobacteria. This is a rendering of the photosystem in 
cyanobacteria reproduced with permission (Bryant 1994). Abbreviations: APC, Allophycocyanin; 
cp43, core antenna protein; cp47, core antenna protein; D1 and D2, reaction centers; FNR; 
ferredoxin-NADP+ oxidoreductase; hn, light energy; PC, phycocyanin; PE, phycoerythrin; PsbE, 
PsbF, PsbO, PsbV, Thylakoid formation proteins. 
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Cyanobacteria have many mechanisms for adjustments to the PBS antenna at the 
transcriptional (Belknap & Haselkorn, 1987), translational, and post-translational levels 
(Grossman et al., 1993; Pojidaeva et al., 2004). The changes to the PBS structure during 
acclimation to various stressors can lead to disassembly, degradation, and reutilization of 
phycobiliproteins (Piven et al., 2005), especially during nutrient deprivation and high light stress 
(Duke et al., 1989; Collier & Grossman, 1992; Grossman et al., 1993). Photosynthetic organisms 
also regulate their development and metabolism based on the amount and quality of the light they 
receive by movement of the PBS between PSII and PSI (Warner & Bullerjahn, 1994). One 
consequence of a phototrophic lifestyle is photoinhibition when the light is too intense (Mann, 
1994). To protect PSII under these conditions, light energy must be transferred between PSII and 
PSI (Horton & Lee, 1985; Anderson & Andersson, 1988). Similar to 
phosphorylation/dephosphorylation of the LHC of higher plants, PC in the antenna complex of the 
PBS can be phosphorylated/dephosphorylated under changing light conditions (Zhang et al., 
2006). Specific proteins in the PBS that are phosphorylated/dephosphorylated include PC (Sanders 
et al., 1989), the linker proteins, and the ferredoxin (Fd)-NADPH reductase (FNR) (Piven et al., 
2005). Dephosphorylation of the linker proteins begins to partially disassemble the PBS and total 
dephosphorylation may lead to total disassembly and degradation of the PBS (Piven et al., 2005).  
These studies suggest how light can modify the structure of the PBS and its antennas, but not 
how those changes are regulated (Stadnichuk & Tropin, 2017; MacColl, 1998). Most of these 
studies have been done in non-bloom forming species (e.g. Synechocystis, Nostoc) (Lan et al., 
2014; Wlodarczyk et al., 2012; Zolla et al., 2002). Less is known about the underlying 
biochemistry within the PBS of Microcystis and other bloom forming species which may be 
subject to rapid changes in light intensity.  
 30 
The PBS structure in Microcystis aeruginosa and its response to changing light intensity was 
extensively studied in the mid-1980s (Raps et al., 1983; Zevenboom & Mur, 1984; Raps et al., 
1985; Padgett & Krogmann, 1987). M. aeruginosa decreased its total chl-a content per cell when 
grown turbidostat cultures between 20-240 µmol photon m-2 s-1. Both the amount of chl-a per PSI 
and the number of PSI per cell decreased with increasing light. The ratio of PC to chl-a remained 
constant under the differing light intensities. Combined, these results indicate that Microcystis both 
decreased the size of its antenna complex and the number of PSI reaction centers in response to 
high light intensities. This loss in pigments was observed visually as Microcystis changed from its 
normal blue-green color to a yellow-green color when grown at high light intensities (Raps et al., 
1985). 
Characterization of the phycobilisomes in M. aeruginosa showed that the tri-cylindrical (3 
stacks of APC trimers) surrounded by six rods comprised solely of PC. Growing the cells under 
low (40 µmol photon m-2 s-1) vs high (270 µmol photon m-2 s-1) light conditions did not change the 
PC hexamers to APC trimers ratio (12:9, estimated from bulk measurement), but it did decrease 
the amount of PBS g-1 dry weight 2.6-fold under high light conditions (Raps et al., 1985). These 
observations were consistent with the PSI measurements above that Microcystis adapted to high 
light over the long term by decreasing its number of photosynthetic units (PSI, PSII, PBS) and not 
by changing the overall structure of the PBS supercomplex. 
Decreasing the number of photosynthetic units increases the light saturation point (see 
section 2.3.3). It has been suggested that the decrease in photosynthetic units would be better suited 
for an organism that typically grows under high light intensity where electron movement through 
the electron transport chain limits photosynthesis, rather than light capture (Falkowski & Owens, 
1980). While bloom-forming Microcystis is exposed to high light intensities at the surface of the 
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water column, it can also be rapidly transported to a low light environment through surface mixing 
and self-shading. Low-light adapted Microcystis showed optimization of both its maximum 
photosynthetic rate (Pmax, a high light response) and the initial slope of its Photosynthesis-
Irradiance (PI) curve (alpha, a low light adaptation) (Zevenboom & Mur, 1984). It is uncertain if 
changing the number of photosystems provides a rapid enough response for these changing 
conditions. In higher plants, exposure to excess light leading to faster electron transfer by PSII 
activates a redox controlled protein kinase that rapidly phosphorylates the LHC and decreases 
energy transfer to the PSII reaction center relative to PSI (Bennett, 1980). Similar phosphorylation 
of thylakoid proteins in cyanobacteria has been reported in previous reviews (Allen, 1992; Mann, 
1994; Piven et al., 2005). Phosphorylated Ser and Thr residues on microbial proteins were detected 
under different light conditions (Warner & Bullerjahn, 1994). While very few phosphorylated 
proteins in cyanobacteria have been identified and characterized (Qu et al., 2018), some 
photosystem phycobilisome-linker proteins can phosphorylate/dephosphorylate within seconds to 
hours (Dedner et al., 1988; Hamel et al., 2000; Choi et al., 2003). In Synechococcus spp. and 
Calothrix spp., phosphorylation sites in the PBS were detected by sodium dodecyl (lauryl) sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) of the PBS proteins (Sanders et al., 1989; Bloye 
et al., 1992; Forchhammer & Tandeau de Marsac, 1994; Hübschmann et al., 2001). One protein of 
interest is a phycobilisome-linker proteins (Harrison et al., 1991; Piven et al., 2005) as high light 
conditions lead to a decoupling of energy transfer from the PBS to PSII in Synechocystis, and a 
corresponding disassembly of the phycobilisome antenna complex (Tamary et al., 2012). While 
phosphorylation was not specifically mentioned as the reason for this disassembly, the authors 
propose this disassembly was due to changes in the rod or core linker polypeptides.  
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2.3.3 Photosynthetic efficiency measurements  
The basic principles underlying chlorophyll fluorescence are simple. Light energy is 
absorbed by the photosystems and undergoes one of three competing fates. It either drives 
photosynthesis (photochemistry), it is dissipated as heat (non-photochemical quenching or NPQ), 
or it is can be reemitted as light (fluorescence). Since there are more potentially rate limiting-steps 
for photochemistry after PSII then there are after PSI, most chlorophyll fluorescence is generated 
by the pigments associated with PSII. Understanding how much light energy is used for 
photochemistry or the photosynthetic efficiency of PSII is an important tool to measure the energy 
transfer from the PBS to PSII. Pulse-amplitude modulated fluorometers (PAM) allow the 
characterization of several important parameters of PSII, including its instantaneous 
photosynthetic yield or quantum efficiency (ΦPSII), the maximum photosynthetic yield or quantum 
efficiency (Pmax or Fv/Fm), the initial slope (alpha) and light intensity needed to saturate (Ik) the PI 
curve, and electron transport rate leaving PSII (ETRmax) (Table 2.2). Photosynthetic yield is 
calculated by the difference between maximum chlorophyll fluorescence (Fm) and minimal 
chlorophyll fluorescence (Fo) divided by maximum chlorophyll fluorescence (Fm-Fo/Fm or Fv/Fm). 
When Fo and Fm are similar, this indicates that the ground state fluorescence is close to the maximal 
fluorescence. In these cases, PSII is not running efficiently (Genty et al., 1989; Campbell et al., 
1998). An Fv/Fm approaching 1 indicates perfect energy transfer to photochemistry, whereas a ratio 
approaching 0 indicates complete energy loss from PSII as fluorescence. The term Fo can only be 
measured when all the electron acceptors of PSII (particularly QA) are empty (aka open) and 
available to accept electrons. This only happens after a period of darkness. Without this period of 
darkness, a small fraction of the electron acceptors will already be reduced and the minimum 
fluorescence is referred to as Fo’. The corresponding maximal fluorescence in the non-dark adapted 
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state under normal illumination is referred to as Fm’ and its steady state fluorescence is Ft (Maxwell 
and Johnson, 2000). 
Early measurements of Fv/Fm used the chemical inhibitor 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU) to completely block the transfer of electrons out of PSII (Papageorgiou et 
al., 2007). DCMU binds to the primary electron acceptor (QA) from the PSII reaction center, 
blocking transfer to the secondary electron acceptor (QB), and causes PSII to release its 
photochemical energy as fluorescence. This is measured as Fm. When compared to the background 
fluorescence immediately after dark adaptation but before addition of DCMU (Fo), you could 
calculate the maximum efficiency of PSII using the equation (Fm-Fo)/Fm (commonly written as 
Fv/Fm). For phytoplankton which are routinely grown in the light and may not be fully dark 
adapted, the actual photosynthetic efficiency of PSII (ΦPSII) is calculated using the corresponding 
equation: (Fm’-Ft)/Fm’.  
PAM fluorometers use a single short pulse of light to fully reduce QA, QB, and 
plastoquinone. The short pulse of light changes the reaction centers to the closed position and 
allows for the measurement of Fm (or Fm’) without addition of a chemical. The pulse must be short 
enough so that it does not impact photochemistry or NPQ. It generally necessary for a cell to be 
dark adapted to get an accurate measurement of Fo (Schreiber et al., 1986; Kromkamp & Forster, 
2003; Suggett et al., 2003; Klughammer & Schreiber, 2017). Some studies (Genty et al., 1990) 
have suggested using the corresponding non-dark adapted Fo’ and Fm’ to calculate the Genty 
parameters. Depending on the questions asked, the use of Fv/Fm or the Genty parameters may be 
more appropriate.  
Healthy cyanobacterial photosynthetic yields (0.4) are generally lower than what is observed in 
green algae (0.7) (Young & Beardall, 2003; Gao et al., 2007; Allahverdiyeva et al., 2013). This 
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difference in quantum yield between phyla of oxygenic phototrophs is due to interfering 
fluorescence emitted by the phycobilisome light harvesting antennae of cyanobacteria (Schreiber 
et al., 1995; Campbell et al., 1998). Fv/Fm provides a good measure of how efficient is energy 
transfer out of PSII. However, it does not necessarily tell you why energy transfer might be 
inefficient. This could be due to too much light exciting the PSII antenna complex, thereby 
generating an electron flux greater than the electron transport chain can handle. It could also be 
due to downstream effects such as a blockage at PSI so the electrons have no place to go. Nutrient 
stress conditions have also been shown to increase Fo, and thus decrease Fv/Fm (Campbell et al., 
1998; Shelly et al., 2007; Acuña et al., 2016; Perri et al., submitted).  
Measured photosynthetic efficiency or yield depends on the intensity and wavelength of 
the light absorbed, amount of light energy lost as heat or fluorescence versus the energy 
transferring through the photosynthetic electron transport chain (Z-scheme) as photochemistry. 
When there is an imbalance between the photosystems, more electrons flow out of PSII compared 
to the ability of PSI to accept them, which decreases the photosynthetic yield. Under high light 
conditions, the electron-transport chain becomes saturated and that unused energy must to be lost 
as heat or fluorescence. To prevent photodamage of the PSII reaction center due to this 
accumulation of electrons, an organism can (1) reduce the number of photosynthetic units within 
the cell, (2) decrease the size of the antenna collecting light, or (3) in the case of cyanobacteria, 
switch to an energy dispersive mechanisms such as orange carotenoid protein (Kirilovsky, 2007; 




Table 2.2: Common terms used for photosynthetic parameters 
Term Definition 
Fo Dark adapted minimal chlorophyll fluorescence 
Fm Dark adapted maximum chlorophyll fluorescence 
Fv Dark adapted variable fluorescence (Fm-Fo) 
Ft Steady state fluorescence 
Fo’ Illuminated minimum fluorescence 
Fm’ Illuminated state under normal illumination 
Fv’ Illuminated variable fluorescence (Fm’-Fo’) 
QA Primary electron acceptor in PSII 
QB Secondary electron acceptor in PSII 
NPQ Non-photochemical quenching ((Fom – F’m)/F’m) 
ΦPSII Quantum yield of PSII ((F’m – Ft)/F’m) 
Fv/Fm Maximum PSII quantum yield 
Alpha Initial slope of ETR curve 
Ik Irradiance needed to saturate PSII 





Another important photosynthetic parameter reflects the initial slope of the ETR vs 
irradiance curve. This value (α) is a measurement of how quickly the ETR ramps up with 
increasing irradiance and reflects the size of the antenna. Alpha is generally high in cells that 
traditional grow under low light conditions. It can be calculated from the maximal photosynthetic 
yield multiplied by a PSII absorptivity term and is sometimes considered equivalent to the Km term 
in enzyme kinetics (aka the affinity of the photosystem for light) (Zevenboom & Mur, 1984). The 
term Ik is the amount of light needed to saturate PSII. This is equivalent to the term Vmax in enzyme 
kinetics or Pmax if the electron transport rate is measured directly as primary production using 
oxygen evolution. The larger the Ik PAR value, the more light is needed for saturation of the 
photosystems. ETR is a light-adapted photosynthetic parameter and used to compare cells under 
different light conditions. ETR in higher plants is calculated using equation 2.1 (Laisk & Loreto, 
1996; Eichelmann et al., 2004). That calculations in cyanobacteria is problematic and must be 
approached with caution since the leaf absorbance area and PSII/PSI ratio were developed for 
higher plants and green algae (Masojídek et al., 2001).  
 
Equation 2.1  
ETR = PSII yield x PAR x average leaf absorbance ratio (0.84) x PSII to PSI ratio (0.5) 
 
2.3.4 Photosynthetic efficiency under high light conditions  
Cells under high light conditions experience a light dependent decrease in photosynthetic 
output called photoinhibition. High-light adapted cells require a higher level of irradiance to 
experience photoinhibition than low-light adapted cells. High-light adapted cells show 
modification in gene transcript, but it is poorly understood how these modifications affect the 
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proteins (Muramatsu & Hihara, 2012). CCA modifications alter the energy distribution in the 
cyanobacterial photosystem (Bennett & Bogorad, 1973) by reducing the number and size of PBS 
present within the thylakoid membranes (Kopecná et al., 2012). The change in the PBS antenna 
length occurs faster than the change in number of PBS present (Kopecná et al., 2012). Although 
an adjustment of PSI and PBS content is characteristic for light acclimation, the regulation of 
antenna size appears to be initiated by a redox imbalance of the electron transport chain (Wallner 
et al., 2012), which may in turn activate a redox sensitive kinase. On a longer time scale, the 
abundance of photosynthetic complexes (PSI, PSII, PBS) changes as a result of the combined 
effects of irradiation, light quality, temperature, and nutrient availability (Murakami et al., 1997; 
Miskiewicz et al., 2002). Prolonged exposure to high light will decrease the pigments per cell over 
a longer period of time. (Muramatsu & Hihara, 2012).  
 
2.3.5 Relationship between high light conditions and reactive oxygen species (ROS)  
Reactive oxygen species are chemically reactive molecules produced in all aerobic cells 
that contain oxygen. ROS are partially reduced products of oxygen including peroxides, 
superoxide anion (O2-), hydroxyl radical (HO), and singlet oxygen (1O2) (Fridovich, 1999). Most 
ROS species come from the addition of at least one electron to molecular oxygen that breaks down 
eventually resulting in the formation of water (Equation 2.2) (Collin, 2019). ROS molecules are 
produced as byproducts during aerobic respiration by oxidoreductase enzymes, such as NADP+ 






     +e-       +e-(+2H+)            +e-       +e-(+2H+) 
O2 à O2-  à  H2O2  à  HO (+ HO-)        à          2H2O 
 
In photosynthetic organisms, ROS species can also be produced through light excitation of 
the two PS reaction centers when the light energy exceeds that needed for carbon assimilation. The 
most common reactive oxygen species formed in PSII is 1O2 formed by the reaction of P680* with 
3O2. Singlet oxygen is rapidly quenched by water and the carotenoids associated with PSII so its 
diffusion distance is short. Plants and eukaryotic algae contain a xanthophyll cycle where excel 
light energy is used to convert the carotenoid violaxanthin to zeaxanthin as part of their NPQ 
system (Niyogi et al., 2005; D'Costa et al., 2011).  
In contrast, the ROS species formed by PSI are primarily O2- and hydrogen peroxide 
(H2O2). These are formed by reaction of molecular oxygen with the reduced ferredoxin associated 
with FNR in PSI (aka the Mehler reaction, equation 2.3) (Asada, 2006). The Mehler reaction also 
occurs in cyanobacteria (Synechocystis PCC 6803) where A-type flavoproteins directly reduce O2 
to H2O2 (Vicente et al., 2002; Helman et al., 2003; 2005).  
 
Equation 2.3: 
Mehler reaction: H2O + 2O2 à 2O2- + H+ + ½O, 2O- + 2H+ à H2O2 + H2O +O2 
 
The ROS products O2-and H2O2 have a much longer lifetime that singlet oxygen in cells 
and thus higher plants and algae have evolved extensive mechanisms to remove them before they 
can cause cellular damage. Superoxide can be removed by the super oxide dismutase (equation 
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2.6). Hydrogen peroxide is rapidly cleaved by the enzymes catalase and peroxidase. It can also 
react with ascorbic acid via the ascorbate peroxidase (APX) as part of the glutathione (GSH)-
ascorbate cycle (Equation 2.7). The reduced dihydroascorbate is then regenerated at the expense 
of GSH, which is itself reduced by NADPH (equation 2.11) (Asada, 2006). If the water-water 
cycle (i.e. where water is converted to oxygen then back to water) functions efficiently, the ROS 
will be scavenged before its diffusion to targets within the photosystems. The water-water cycle 
decreases the PSII quantum yield due to generation of the proton gradient across the thylakoid 
membrane. The different mechanisms to remove ROS are summarized in Table 2.3. H2O2 can also 
be reduced in cyanobacteria by the metal catalyzed Fenton chemistry to generates the hydroxide 
radical (HO) (Equation 2.12). 
ROS compounds react with different biological targets within the cell, which include FeS 
proteins, cysteine methionine, DNA, proteins, lipids, and RuBisCO (ribulose 1,5-bisphosphate 
carboxylase oxygenase) (Latifi et al., 2009). Cyanobacteria have a high concentration of RuBisCO 
per total protein within the cell. If RuBisCO is CO2 saturated, oxygenation cannot occur and ROS 





Table 2.3: Different reactions for the formation and removal of reactive oxygen species in 
photosynthetic organisms. Abbreviations: APX – Ascorbate peroxidase; AsA – Ascorbic acid; 
DHA – Glutathione dehydroascorbate; Fd – Ferredoxin; GSH – Glutathione; GSSG – Glutathione 
disulfide; MDA reductase – Monodehydroascorbate radical reductase; NAD+ - Nicotinamide 
adenine dinucleotide; NADH – Reduced nicotinamide adenine dinucleotide; NADP+ - 
Nicotinamide adenine dinucleotide phosphate; NADPH – Reduced nicotinamide adenine 
dinucleotide phosphate; PSII – Photosystem II; PSI – Photosystem I; redFd – Reduced ferredoxin; 
SOD – Superoxide dismutase. 
Equation Enzyme name or location Reaction 
Equation 2.4 PSII 2 H2O à 4 e- + O2 + 4 H+ 
Equation 2.5 PSI 2 e- + 2 O2 à 2 O2- 
Equation 2.6 SOD 2 O2- + 2 H+ à H2O2 + O2 
Equation 2.7 APX H2O2 + 2 AsA à 2 H2O + 2 MDA 
Equation 2.8 Spontaneous 2 MDA + 2 redFd à 2 AsA + 2 Fd 
Equation 2.9 MDA reductase 2 MDA + NAD(P)H à 2 AsA + 2 NAD(P)+ 
Equation 2.10 DHA reductase 2 MDA à AsA + DHA, DHA + 2 GSH à Asa 
+ GSSG 
Equation 2.11 GSH reductase, PSI GSSG + NADPH à 2 GSH + NADP+ 




2.3.6 Relationship between microcystins and reactive oxygen species (ROS)  
Microcystins have long been associated with ROS formation. Microcystin-LR can cause 
rapid ROS formation in hepatocytes due to high mitochondrial permeability and depolarization 
(Ding, Shen, & Ong, 2000b). Microcystin-LR will induce ROS formation in hepatocytes due to 
alterations in GSH, cytoskeletal disruption, lipid peroxidation initiation on the Ser/Thr 
phosphatases, and microfilaments (Ding, Shen, & Ong, 2000a; 2000b; Bouaïcha & Maatouk, 
2004). Addition of cyclosporin A, an immunosuppressant, prevented ROS formation in 
mitochondrial tissues. The protective effects of cyclosporin A against microcystin-LR– induced 
apoptosis supports the concept that ROS is a critical factor in microcystins–induced apoptotic cell 
death (Ding, Shen, & Ong, 2000b). In vivo ROS generation after microcystin-LR-induced liver 
damage was also examined using oxidant-sensitive probe assay, which found a large amount of 
ROS and induced lipid peroxidation in liver tissue (Weng et al., 2007). These oxidative stress 
responses may contribute to hepatotoxicity and carcinogenicity from exposure to microcystins 
(Bouaïcha & Maatouk, 2004).  
Microcystis sp. can also experience an ROS response, especially after exposure to 
allelochemicals and herbicides (Chen et al., 2012; Lu et al., 2014; Yu et al., 2019). Cyanobacteria 
are sensitive to environmental conditions that generate ROS compounds. There is however no 
evidence to suggest that toxic cyanobacteria are more or less sensitive to these conditions than are 
non-toxic cyanobacteria, or that conditions that promote ROS generation necessarily changed the 
production rate of microcystins (Gouvêa et al., 2008). This topic is further examined in Chapter 5 
of this dissertation. 
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2.3.7 Potential role of microcystin in the cyanobacterial phycobilisome 
Our working hypothesis is that these alteration in the antenna length of Microcystis can be 
controlled by phosphorylation and dephosphorylation of PC. The phosphatase involved in 
removing the P from PC should be inhibited by the protein phosphatase inhibitor MC. MC 
concentrations increase under higher light conditions (Briand et al., 2012). Increased MC would 
cause an increase in the phosphorylated form of PC. Analogous to LHCII, this would cause the 
hexamers to move apart from each other, decreasing energy transfer and leading to shorter 
antennas within the PBS of Microcystis. This is schematically shown in Figure 2.7.  
There is some prior experimental evidence in support of this model. The behavior of the 
wild-type M. aeruginosa (WT) and a microcystin mutant (-mcyB) that lacked the ability to make 
microcystin under changing light conditions was examined by Hesse et al. (Hesse et al., 2001). 
There was no difference in the growth rate between the WT strain and its -mcyB mutant, but the 
WT strain tolerated 2 times higher levels of light intensity (up to 80 µE m-2 s-1) compared to the 
mutant strain. This would suggest that the mcyB mutant could not properly adapt to these higher 











Figure 2.7: A potential mechanism how phosphorylation and dephosphorylation may 
control the length of the antenna proteins. P= phosphorylation 
 44 
2.4 Overview of dissertation 
The long-term goal of this project was to understand the function of microcystins in their 
host organism Microcystis spp. and why only some species of Microcystis produce microcystins 
whereas others do not. This dissertation addressed how changes in the light field affected growth 
and photosynthetic parameters in Microcystis. It proposes how MC-inhibition of 
dephosphorylation of the phycobiliproteins could lead to less energy being transferred to PSII and 
an overall decrease in growth. Cultures of MC-producing vs non-MC-producing cells were grown 
under different light intensities to measure changes in their photosynthetic parameters, toxicity, 
and PC content within the cells (Chapter 3). Natural populations experiencing a naturally changing 
light field were examined to investigate the relationship between vertical migration, toxin 
production and photosynthesis (Chapter 4). The impact of addition of the ROS compound 
hydrogen peroxide on different cyanobacteria is discussed in Chapter 5. Chapter 6 contains a 
discussion and integration of these culture and in situ experiments on the relationship between 
light, microcystin content and question “why does Microcystis produce microcystins”.  
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Effect of light on the phycobilisome antenna complex and microcystin content in strains of 
Microcystis aeruginosa 
3.1 Abstract 
Microcystis spp. are widely known to produce the hepatotoxin microcystins that can impact 
the health of animals, including humans, cause water quality issues, and cause recreational hazards. 
However, scientific data as to why microcystins are produced is lacking. This study examined the 
potential role of microcystins in response to changing light conditions experienced by these 
cyanobacteria. It examined whether microcystins aid in responding to short-term changes in light 
conditions via balancing electron-transport transitions and longer-term differences in light 
availability, or by altering the amounts of pigments in each photosystem. The effects of 
photosynthetically active radiation (PAR) on the cyanobacterial photosystem were examined in 
three strains of Microcystis aeruginosa (PCC 7806, PCC 7806 mcyB mutant in the microcystin 
operon, and LE3). Cultures were irradiated at four PAR light levels spanning 2 and 332 µmol 
quanta m-2 s-1 under 24-hour light. Pigment concentrations, concentrations of microcystins, and 
photosynthetic parameters were measured at 8 times over 97 h during exponential growth. For all 
strains, the highest total chlorophyll and phycocyanin antenna pigment concentrations per liter 
were observed under 30 µmol quanta m-2 s-1, but the highest concentrations of chlorophyll and 
phycocyanin per cell were observed under 2 µmol quanta m-2 s-1. The total microcystins content 
varied between 0.02 and 0.13 pg per cell in PCC 7806 and 0.02 to 0.03 pg per cell in LE3. There 
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was a more microcystins per cell (~ 30%) under PAR less than 30 µmol quanta m-2 s-1 in LE3, but 
not in PCC 7806. The photosynthetic yield decreased 3-fold under higher light conditions 
compared to the lower light conditions signifying cells were under light stress above 156 quanta 
m-2 s-1. High light irradiation decreased the phycocyanin in the phycobilisome antenna and 
decreased the production of microcystins. Overall, Microcystis strains were highly variable in their 
response to changing light conditions and future experiments need to examine multiple strains to 
understand biochemical processes. 
 
3.2 Introduction  
Prokaryotic cyanobacteria evolved to carry out oxygenic photosynthesis by harvesting 
energy from sunlight (Mirkovic et al., 2017). Cyanobacteria can reach bloom proportions in 
eutrophic waters. If the bloom is formed by a toxin-producing strain, it can be hazardous to humans 
and other animals (Boyer, 2007). One genus that forms high-density blooms is Microcystis, whose 
members include toxic strains that produce the hepatotoxin microcystins and non-microcystins 
producing strains (Via Ordorika et al., 2004). Microcystins are potent protein phosphatase 
inhibitors of protein phosphatases 1 and 2A (PP1 and PP2A) in eukaryotic cells (Cohen, 1989; 
MacKintosh et al., 1990; Aitken, 1996). Microcystins are found throughout the Microcystis cells, 
but most of the toxin is localized in the thylakoid regions, the nucleoplasm, and pyrophosphate 
bodies (Young et al., 2005). Localization of high concentrations of microcystins within the 
thylakoid membrane suggest that microcystins may be involved in the regulation of photosynthetic 
activity (Smith et al., 2008; Pearson et al., 2008) via protein phosphorylation/dephosphorylation.  
Protein phosphorylation is now accepted as a universal regulatory mechanism in 
prokaryotic and eukaryotic organisms across diverse molecular processes including metabolism, 
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gene expression, receptors, cell signaling, and responses to environmental stimuli (Warner & 
Bullerjahn, 1994). Reversible phosphorylation/dephosphorylation of proteins between light and 
dark environments have been observed in plants, isolated chloroplasts, and thylakoid membranes 
(Allen, 1992). Protein phosphorylation may also be involved in the regulation of photosynthetic 
activity under various light intensities or redox potentials (Allen et al., 1989; Sanders et al., 1989; 
Race & Gounaris, 1993). PP1 and PP2A themselves are regulated post-transcriptionally by 
reversible phosphorylation catalyzed by Ser/Thr protein kinases (Aitken, 1996; Comparot et al., 
2003), which is one of two types of phosphorylation systems identified in cyanobacteria (Baniulis 
et al., 2009). Subsequent studies have since described protein phosphorylation occurring in 
cyanobacteria strains, including Anabaena sp. PCC 7120 (Mann et al., 1991), Calothrix sp. PCC 
7601 (Schuster et al., 1984), Microcystis aeruginosa UTEX2063 (Zhang et al., 2006), Nostoc 
commune UTEX 584 (Potts et al., 1993), Synechocystis sp. PCC 6803 (Bloye et al., 1992), and 
Synechococcus spp. (Forchhammer & Tandeau de Marsac, 1994). 
Cyanobacteria use protein-based accessory pigments of the phycobilisome (PBS) to absorb 
light at different wavelengths and under varying light conditions (Bryant, 1994). The PBS sits on 
top of both photosystem II (PSII) and photosystem I (PSI) where chlorophyll (chl) is located and 
is generally composed of four types of proteins: phycocyanin (PC), phycoerythrin (PE), 
allophycocyanin (APC), and linker proteins (Bryant, 1982). PE, when present, is located on the 
outside of the antenna complex, whereas PC is located closer to the central APC cylindrical core 
(Stadnichuk et al., 2015). This PBS super-complex is attached to the thylakoid membrane and its 
associated reaction centers via the core-membrane linker proteins (Watanabe & Ikeuchi, 2013). 
The super-complex captures light energy by the PBS antenna pigments and efficiently passes 
energy to the PS reaction centers. The PBS are mobile complexes that can diffuse quickly across 
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the surface of the thylakoid membrane (Mullineaux, 2004) via lateral movement (Mullineaux et 
al., 1997). Under low light conditions, the PBS gains phycobiliproteins to lengthen the antenna 
complex to gather more light energy. Under high light conditions, phycobiliproteins are lost from 
the antenna complex (Bryant, 1994).  
Bloom-forming Microcystis is exposed to high light intensities at the surface of the water 
column, but can also be rapidly transported to a low light environment through water mixing and 
self-shading. Short term fluctuations (minutes) in light intensity do not change the structure of the 
PBS; however, long-term survival requires alterations to the PBS to allow both PSII and PSI to 
run at equal rates (Whitton & Potts, 2007). When PSII is running at a faster speed than PSI, excess 
energy brought in by PSII will be lost as heat and fluorescence. To keep the photosystems running 
in equilibrium, the PBS can move to either photosystem via state transitions (Chang et al., 2015; 
Chukhutsina et al., 2015). Photoinhibition occurs when the light is too intense (Mann, 1994), but 
the PBS structure can acclimate to these new conditions via disassembly, degradation, and 
reutilization of phycobiliprotein rearrangements (Kirilovsky et al., 2014). These rearrangements 
include both changing the number of PC and PE in the PBS antenna arms, as well as changing 
how these antennas are attached to the PBS core (Zilliges et al., 2011). State transitions in 
cyanobacteria redistribute light energy between photosystems (Bonaventura & Myers, 1969). 
During linear electron transport, absorbed energy is transferred from PSII to PSI via an electron 
transport chain (Bryant, 1994; Mullineaux, 2014). If PSII is excited more than PSI, energy is 
preferentially transferred to PSI, possibly by moving the PBS towards the PSI reaction center (state 
2) (Mullineaux, 2004; Kaňa et al., 2014). Light conditions that lead to more excitation of PSII 
relative to PSI induces a transition to state 1 (Mullineaux, 1999; McConnell et al., 2002). To 
maintain the balance between the two photosystems needed for both linear electron flow (PSI and 
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PSII) and cyclic electron flow (PSI only), more of absorbed excitation energy must be diverted to 
PSI (Mullineaux, 2004). Over excitation of PSII requires that this excess energy be released in a 
non-photochemical manner, either through fluorescence or through energy dissipation via transfer 
to orange carotenoid proteins (Kerfeld & Kirilovsky, 2011).  
In the mobile PBS model, the PBS would preferentially bind to PSII in state 1. When PSI 
activity is running faster than PSII activity, it is primarily running cyclic photophosphorylation. 
Under these conditions, the PSII reaction centers are only needed as supplementary energy for 
linear electron flow (Kirilovsky, 2017) and the PQ pool is mostly oxidized. As the cell shifts to 
linear electron flow (state 1), more energy goes to PSII and the PQ pool becomes reduced. This is 
due to increased photochemical energy flow through the PBS to PSII and decreased loss of energy 
though energy dissipation and fluorescence from the PSII reaction center since the energy is 
moving to PSI. In higher plants, these changes are mediated by a redox activated protein kinase 
that phosphorylation the light harvesting pigment complexes associated with the PSII and PSI 
reactions centers (Minagawa, 2011). Whether similar phosphorylation of the protein pigment 
complexes occurs in cyanobacteria has not been established.  
Energy changes between the photosystems can be measured using pulse-amplitude 
modulated (PAM) fluorometers (Schreiber et al., 2012). PAM fluorometers use a multiple turnover 
method and emits long pulses of light (50-1000 ms) to allow electron receptors (QA and QB) to be 
fully reduced (Suggett et al., 2003). PAM measurements include the minimal fluorescence (Fo) 
and maximal fluorescence (Fm) of PSI and PSII in dark adapted algae, as well as several important 
parameters of PSII, including its instantaneous photosynthetic yield or quantum efficiency (ΦPSII) 
and the maximum photosynthetic yield or the optimal quantum efficiency (Fv/Fm) (Table 3.1). 
Samples are traditionally dark adapted for all the electron acceptors to be fully oxidized within 
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PSII and to minimize the possiblity of non-photochemical quenching (NPQ) (Campbell et al., 
1998). Coupled with photosynthesis-irradiance (PI) curves (MacIntyre et al., 2002), these 
techniques provide powerful tools to examine how cyanobacteria respond to changing light 
irradiance levels. 
Previous studies have suggested how light can modify the structure of the PBS, the length 
of its antennas, and where it is attached, but not how those changes are regulated (MacColl, 1998). 
Most of these studies have been done in non-bloom forming species (e.g. Synechocystis) (Zolla et 
al., 2002). Little is known about the underlying biochemistry within the PBS of Microcystis and 
other bloom-forming species which may be subject to rapid changes in light intensity, in which 
light intensity can go from near dark to full solar irradiance (~2000 µmol quanta m-2 s-1) by a 
change of position within the bloom. The genus Microcystis is generally considered to be low light 
adapted, but showed optimization of both its maximum photosynthetic rate (Pmax) typical for high-
light adapted species, as well as changes in the initial slope of its PI curve (alpha) typical of a low 
light adapted species (Falkowski & Owens, 1980; Zevenboom & Mur, 1984).  
Here, I studied the photosystem response of three strains of Microcystis, under different 
light conditions, specifically examining changes in the PBS components and the production of 
microcystins. I hypothesized that the change in protein concentration within the phycobilisome 
was due to phosphorylation/dephosphorylation. Because microcystins are protein phosphatase 
inhibitors, I hypothesized that under high light conditions, a greater concentration of microcystins 
would be present to inhibit dephosphorylation of the phycobiliproteins, therefore preventing their 
addition to the light harvesting antenna and preventing them from being in use for light gathering. 
Microcystins could also inhibit protein phosphatases involved in other parts of the antenna 
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complex. I predicted there will be an increased concentration of MC under high light conditions 
associated with a decrease in the length of the antenna complex. 
 
Table 3.1: Common terms used for photosynthetic parameters. 
Term Definition 
Fo Dark adapted minimal chl fluorescence 
Fm Dark adapted maximum chl fluorescence 
Fv Dark adapted variable fluorescence (Fm-Fo) 
Ft Steady state fluorescence 
QA Primary electron acceptor in PSII 
QB Secondary electron acceptor in PSII 
Fv/Fm Maximum PSII quantum yield 
Alpha (α) Initial/maximal slope of ETR curve 
Ik Irradiance needed to saturate PSII 
ETRmax Max electron transport rate per reaction center 
FV/FM Max PSII quantum yield 
Ik Irradiance needed to saturate PSII 




3.3.1 Strains and culture conditions 
Three xenic cultures of Microcystis, M. aeruginosa PCC 7806 (7806), M. aeruginosa LE3 
(LE3, aka UTEX LB 3037), and M. aeruginosa PCC 7806 –mcyB mutant (–mcyB), were grown in 
Z8 medium (Kotai, 1972) at 25 °C under continuous light from a mixture of 20 and 40 W 
fluorescent light bulbs (Philips Alto, 6500K and 4100K) in an incubator (Percival, I66LLVL). 
Different photosynthetically active radiation (PAR) from 400 to 800 nm photon flux densities were 
measured using a LiCor LI-192 equipped with a 2π LI-190R quantum sensor (LI-COR, Lincoln, 
NE, USA). Cultures were initially maintained under lower light conditions (30 µmol m-2 sec-1). In 
vivo chl-a was monitored three times weekly using a TD700 fluorometer (Turner Designs, San 
Jose, CA, USA) equipped with the in vivo filter set (Turner Designs 10-037R) to determine the 
phase of growth. Cultures in exponential phase were moved at the start of the experiment to the 
experimental light conditions. Different light irradiations levels (2, 30, 156, and 332 µmol quanta 
m-2 s-1) were obtained using of neutral density screening (208-mesh), black plastic garbage bags, 
and fewer light bulbs. Spectral irradiance quality from the lights was measured between 200 and 
800 nm using an Optronic Laboratories, Inc. (Orlando, FL, USA), model # 754-O-PMT 
Spectroradiometer (Supplemental Figure 3.1). 
For each light level and culture, 40 mL of cell cultures were grown in triplicate in 50 mL 
borosilicate culture tubes. Cultures were shaken daily and randomized in their position in the 
incubator to minimize shading effects. Samples were taken at 0, 4, 8, 12, 18, 25, 50, and 97 h after 




3.3.2 Chlorophyll analysis 
Cyanobacteria cells were collected on 47 mm, Whatman glass microfiber filters (934-AH, 
GE Healthcare, Little Chafont, UK). The chl-a was extracted in 90% acetone in 13 x 100 mm glass 
vials. The vials were placed in a sonication bath for 1 hour, then kept in the dark overnight to 
incubate at room temperature. The samples were centrifuged at 3,000 x g for 5 min to remove 
debris and in vitro chl-a measured using a Turner Designs 700 fluorometer equipped with the 
Welschmeyer filter set (436 nm excitation, 680 nm emission, blue mercury lamp, San Jose, CA, 
USA) (Welschmeyer, 1994). The fluorometer was calibrated using chl-a extracted from Chlorella 
(Carolina Biological Supply Company, Burlington, NC, USA) in cold 90% acetone/water (v/v), 
whose chl-a concentration was determined using the trichromatic equations of Strickland and 
Parsons (Parsons et al., 1984) (equation 3.1).  
 
Equation 3.1:  
chl-a (µg L-1) = (11.85(A112 – A456) − 1.54(A124 − A456) − 0.08(A196 − A456))*10
6 
 
Final chl-a concentrations in the samples were corrected for the total volume filtered, the 
extraction volume, and any dilution factors. Cell numbers were determined on a Lugol’s preserved 
samples using a Leica DM2000 light microscope at 400x and a hemocytometer. Daily growth rates 
were calculated from the instantaneous hourly growth rates between 4 and 97 hr. Growth rates 
were calculated using equation 3.2.  
 
Equation 3.2: µ = (ln(N2)-ln(N1))/(t2 − t1), 
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where µ is the specific growth rate, and N1 and N2 are the cell numbers at time 1 (t1) and time 2 
(t2), respectively. Average daily growth rates over the course of the 97 h period were determined 
graphically from the slope of the type 2 linear regression obtained by plotting the following: 
 
Equation 3.3:  ln (Nt) = µ (ΔT) + ln(No)  
 
 
3.3.3 Phycocyanin and phycoerythrin analysis: 
Cyanobacteria cells for PC and PE analysis were collected on 47 mm, 1 µm pore size 
polycarbonate membrane filters (Poretics Corp. Livermore CA). The cells were extracted in a 10 
mM phosphate buffer (pH 6.8) using three alternating freeze/thaw cycles, then centrifuged at 
14,000 x g for 15 min. The supernatant was transferred to a 13 x 100 mm glass tube, and PE and 
PE measured in a Turner Designs 10-AU fluorometer equipped with the PC filter set (excitation 
wavelength 577 nm, emission wavelength 640 nm, daylight white lamp) or the PE filter set 
(excitation wavelength 544 nm, emission wavelength 577 nm, cool white lamp). The fluorometer 
was calibrated for PE and PC using equations 3.4 and 3.5 from Beer and Eshel (Beer & Eshel, 
1985).  
 
Equation 3.4: PE = [(A564 - A592) - 0.20(A455-A592)] * 0.12 




3.3.4 Photosynthetic efficiency: 
The photosynthetic parameters Fv/Fm, photosynthetic yield, Ik, and alpha were measured 
using a Walz PhytoPAM (Heinz Walz GMBH, Effeltrich, Germany) after 10 min of dark 
adaptation. Fv/Fm was measured using a saturation pulse of red light (655 nm) at 16 µmol quanta 
m-2 s-1. A light saturation curve was run between 8 and 1064 µmol quanta m-2 s-1 at 20-s intervals. 
ETRmax was calculated assuming an absorptivity of 0.84 and half the photons (0.5) of the incident 
PAR distributed to PSII. Definitions of each term in Table 3.1.  
 
3.3.5 Toxin analysis: 
Samples (30 mL) were lyophilized and extracted in 5 mL of 50% methanol/water (v/v), 
acidified with 1% acetic acid (v/v) using ultrasonication. Samples were clarified by centrifugation 
at 14,000 x g at 4 ºC for 10 minutes and the supernatant filtered through a 13 mm, 0.45 µm pore 
size nylon syringe filter (Corning, CLS431225, Corning NY). Samples were stored at -20 ºC until 
analysis. Reverse-phase liquid chromatography using a Waters 2695 (Waters Corporation, 
Milford, MA, USA) solvent delivery system coupled to a Waters ZQ4000 mass spectrometer (m/z 
500-1250 amu) (Waters Corporation, Milford, MA, USA) and a 2996 photodiode array detector 
(210 to 400 nm wavelength) 2996 photodiode array detector (210 to 400 nm wavelength) was used 
to screen for molecular ions of 22 common microcystin congeners (RR, dRR, mRR, H4YR, hYR, 
YR, LR, HilR, zLR, [Dha7]LR, meLR, AR, FR, WR, LA, dLA, mLA, LL, LY, LW, LF, WR). The 
separation column was an ACE 5 C18, 150 x 3.0 mm (Mac Mod Analytical, part number 
ACE1211503, Chadds Ford, PA, USA). A 30-70% aqueous acetonitrile gradient containing 0.1% 
formic acid at a flow rate of 0.3 mL min-1. Microcystins were identified based on characteristic 
molecular weight between 900 and 1150 amu, their diagnostic Adda UV spectrum, and correct 
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retention time as determined using standards (Peng et al., 2018; Boyer, 2020). Individual 
concentration of congeners was quantified using the peak area of the extracted ion relative to 
standards of microcystin-LR or microcystin-RR (Enzo Life Sciences, Farmingdale, NY, USA). 
This allowed quantification of congeners where standards are not available. Detection of congeners 
was validated by co-occurring presence of the diagnostic UV signature from the ADDA group. 
The method detection limit for each individual microcystin was < 0.05 µg L-1. 
 
3.4 Results 
3.4.1 Cell growth  
All three strains of Microcystis aeruginosa showed their maximum growth rate (Table 3.2) 
and cellular yield (Figure 3.1) at an irradiance of 30 µmol quanta m-2 s-1. Each strain experienced 
between 10 and 55% decrease in growth rates at higher light levels. Neither strain LE3 or 7806 
had measurable growth under the lowest light level (2 µmol quanta m-2 s-1); however, the mcyB 
mutant grew under this low light level at approximate 40% of maximum. The growth rates 
calculated using in vivo and in vitro chl-a are presented in Supplemental Tables 3.1 and 3.2. All 
samples remained in exponential growth phase throughout the 96 h of this experiment. A typical 
example of the growth curve for Microcystis aeruginosa LE3 10 days before and after the 




Table 3.2: Growth rate (d-1) of three Microcystis strains under four different light intensities (in 
µmol quanta m-2 s-1) as calculated from the change in cell number over the entire 97 h period. All 
samples were grown under continuous light. Samples were initially grown under 30 µmol quanta 
m-2 s-1, then transferred into experimental conditions.  
Strain 2 30 156 332 
M. aeruginosa PCC 7806 0.022 ± 0.010 0.475 ± 0.218 0.362 ± 0.170 0.370 ± 0.172 
M. aeruginosa PCC7806 - mcyB 0.127 ± 0.059 0.283 ± 0.124 0.168 ± 0.075 0.123 ± 0.055 
M. aeruginosa LE3 -0.014 ± 0.007 0.163 ± 0.076 0.149 ± 0.070 0.120 ± 0.056 




Figure 3.1: Growth of Microcystis aeruginosa strains (a) PCC 7806, (b) -mcyB, and (c) LE3 under 4 
light levels for 97 hr as determine by cell density. All samples were grown under continuous light. 
Samples were initially grown under 30 µmol quanta m-2 s-1, then transferred into experimental 
conditions. Error bars denote one standard deviation. 
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3.4.2 Fluorescence and pigment analysis 
The effect of light irradiance on the photosynthetic pigments in the three strains 
of Microcystis aeruginosa are shown in Table 3.3. All three strains had maximum photosynthetic 
efficiency (Fv/Fm) under 30 µmol quanta m-2 s-1. Maximum values of alpha were obtained at the 
lower light levels and decreased with increasing illumination. At the highest illumination, all three 
cultures showed clear signs of light stress as evidenced by their decreased photosynthetic 
efficiency (Fv/Fm) at the elevated light levels. 
All three strains responded to increasing light irradiance by decreasing their chlorophyll 
content per cell (p = 0.001 for all strains) (Figure 3.2) and their PC content per cell (7806, p = 
0.019; -mcyB, p = 0.002; LE3, p = < 0.001) (Figure 3.3). The accessory pigment PE was not 
detected in any of our cultures. These changes occurred in unison as there was no significant 
difference between the Chl/PC ratio across all four light levels (Figure 3.4) indicating the size of 
the PBS antenna complex relative to the chl reaction centers were not decreasing with increasing 
light, rather there was a concerted decrease in the number of reaction centers and PBS antenna 
complex with increasing exposure. There was no clear relationship between the maximum 
(normalized) photosynthetic rate (ETRmax) and greater irradiance.  
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Table 3.3: Effects of light intensity on the photosynthetic parameters in three strains of Microcystis 
aeruginosa (PCC 7806 (7806), PCC 7806 – mcyB (-mcyB), and LE3) after 97 hr. * in µmol quanta 
m-2 s-1; § in pg pigment per cell. ± represents one standard deviation.  






Chl/PC Fv/Fm Alpha ETRmax* Ik* 
7806 
2 146 ± 32 108 ± 44 1.5 ± 0.7 0.283 ± 0.013 0.136 ± 0.008 91.0 ± 15.7 520.7 ± 74.1 
30 94 ± 3 130 ± 44 0.8 ± 0.3 0.310 ± 0.012 0.151 ± 0.012 86.0 ± 25.4 517.5 ± 65.0 
156 39 ± 4 67 ± 35 0.7 ± 0.3 0.176 ± 0.012 0.086 ± 0.006 89.5 ± 8.3 616.6 ± 196.4 
332 24 ± 7 34 ± 10 0.7 ± 0.2 0.103 ± 0.007 0.051 ± 0.003 56.2 ± 15.7 677.6 ± 201.6 
-mcyB 
2 160 ± 19 86 ± 58 3.4 ± 3.6 0.303 ± 0.064 0.153 ± 0.017 72.9 ± 15.8 565.8 ± 64.1 
30  137 ± 12 132 ± 22 1.1 ± 0.1 0.388 ± 0.022 0.180 ± 0.006 85.5 ± 5.5 579.6 ± 84.6 
156 69 ± 12 37 ± 17 2.0 ± 0.5 0.204 ± 0.012 0.098 ± 0.006 98.0 ± 17.3 695.5 ± 139.7 
332 53 ± 12 16 ± 4 3.6 ± 1.5 0.171 ± 0.004 0.082 ± 0.001 94.7 ± 9.5 740.7 ± 250.5 
LE3 
2 202 ± 71 10 ± 4 26.2 ± 20.8 0.494 ± 0.015 0.214 ± 0.006 111.6 ± 3.7 551.1 ± 14.8 
30  160 ± 23 183± 40 0.9 ± 0.2 0.433 ± 0.011 0.177 ± 0.007 80.3 ± 0.3 527.6 ± 47.4 
156 120 ± 11 31 ± 8 4.0 ± 1.3 0.385 ± 0.006 0.168 ± 0.003 104.7 ± 3.6 582.8 ± 28.4 
332 113 ± 15 25 ± 31 24.6 ± 34.1 0.261 ± 0.027 0.114 ± 0.010 72.3 ± 6.5 589.7 ± 57.0 
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Figure 3.2: Extracted chlorophyll per cell for Microcystis aeruginosa strains (a) PCC 7806, 
(b) -mcyB, and (c) LE3 under 4 light levels. All samples were grown under continuous light.  
Samples were initially grown under 30 µmol quanta m-2 s-1, then transferred into experimental 
conditions. Error bars denote one standard deviation.  
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Figure 3.3: Extracted phycocyanin per cell for Microcystis aeruginosa strains (a) PCC 7806, (b) 
PCC 7806 -mcyB, and (c) LE3 under 4 light levels for 97 hr. All samples were grown under 
continuous light. Samples were initially grown under 30 µmol quanta m-2 s-1, then transferred 
into experimental conditions. Error bars denote one standard deviation.  
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Figure 3.4: Extracted chlorophyll per phycocyanin for Microcystis aeruginosa strains (a) PCC 
7806, (b) PCC 7806 -mcyB, and (c) LE3 under 4 light levels for 97 hr. All samples were grown 
under continuous light. Samples were initially grown under 30 µmol quanta m-2 s-1, then 
transferred into experimental conditions. Error bars denote one standard deviation. 
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3.4.3 Microcystins analysis 
 The two toxic cultures, M. aeruginosa PCC 7806 and LE3, both produced toxin when 
grown under all irradiances. No toxin was detected in the PCC 7806 –mcyB mutant. Toxin 
concentrations in the cultures ranged from 20-60 µg L-1 total microcystins (Supplemental Figure 
3.2). The toxin concentrations per cell in PCC 7806 initially decreased from 0.09 fg cell-1 over the 
first 24 hr, then stabilized at 0.03 fg cell-1 for all three light levels greater than 30 µmol quanta m-
2 s-1. No differences in the concentration of microcystins were observed for any light level for 7806 
(p = 0.967) (Figure 3.5a). LE3 did not show a signficant change between 2 and 30 µmol quanta m-
2 s-1, but there were 40% fewer microcystins per cell produced under 332 µmol quanta m-2 s-1 (p < 
0.001) and 30 % fewer microcystins were produced under 156 µmol quanta m-2 s-1 (p < 0.001) 
(Figure 3.5b). Slightly different patterns were observed when toxin was expressed on a 
microcystins per chl-a basis (Figure 3.6). For PCC 7806, the two lower light levels stabilized at ~ 
0.5 µg microcystins µg-1 chl-a, whereas the two higher light levels had almost twice the 
microcystins per chlorophyll (p < 0.001) (Figure 3.6a). In contrast, LE3 showed no change over 
97 h between any of the four light levels since each irradance level has approximately the same 
concentration of ~ 0.18 µg microcystins µg-1 chl-a (p = 0.091) (Figure 3.6b). The congener profiles 
for the two cultures did not change over the course of 97 h. Strain 7806 contained LR (60.5% ± 
4.4%), [Dha7]LR (35.0% ± 3.8%), mLR (1.5% ± 0.5%), and AR (3.0% ± 1.7%). Strain LE3 
produced LR (62.5% ± 5.4%), [Dha7]LR (31.1% ± 5.2%), and minor amounts of WR (6.4% ± 
1.2%) (data not shown). There was a significant change (p < 0.001) in the ratio of [Dha7]LR:LR 
from 0.6 to 0.9 under 2 and 30 µmol quanta m-2 s-1 in PCC7806, and from 0.5 to 0.7 in LE3. In 
contrast, the change in the ratio of [Dha7]LR:LR under 156 and 332 µmol quanta m-2 s-1 was either 
minor (0.6 to 0.5) for strain 7806 or stable (0.5) for LE3. (Figure 3.7). 
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Figure 3.5: Total microcystin toxin per cell for Microcystis aeruginosa strains (a) PCC 7806 
and (b) LE3 under 4 light levels. All samples were grown under continuous light. Samples 
were initially grown under 30 µmol quanta m-2 s-1, then transferred into experimental 
conditions. Error bars denote one standard deviation. 
 90 
Figure 3.6: Total microcystin toxin per chlorophyll for Microcystis aeruginosa strains (a) PCC 
7806 and (b) LE3 under 4 light levels. All samples were grown under continuous light. Samples 
were initially grown under 30 µmol quanta m-2 s-1, then transferred into experimental conditions. 
Error bars denote one standard deviation. 
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Figure 3.7: Ratio of microcystin [Dha7]LR to LR for Microcystis aeruginosa strains (a) PCC 7806 
and (b) LE3 under 4 light levels. All samples were grown under continuous light. Samples were 
initially grown under 30 µmol quanta m-2 s-1, then transferred into experimental conditions. Error 














3.4.5 Photosystem analysis, photosystem II estimated from Fv/Fm, alpha, Ik, ETRmax, and PI curve  
 Very different patterns where observed in the changes of the photosynthetic in response to 
the different light levels (Table 3.3). The Fv/Fm values decreased under high light stress for all 
three strains (p < 0.001) (Figure 3.7). The maximum Fv/Fm was observed for strains 7806 and its –
mcyB mutant under 30 µmol quanta m-2 s-1, whereas LE3 had the highest Fv/Fm under 2 µmol 
quanta m-2 s-1. All three strains had their lowest Fv/Fm at 332 µmol quanta m-2 s-1 indicitive of light 
stress at this level. 
The ETRmax for strain 7806 remaining unchanged from its starting conditions at the three 
lower light levels at ~89 µmol quanta m-2 s-1 in day 4. ETRmax increased by over 40% (55 µmol 
quanta m-2 s-1 ) in the lowest light level compared to the starting rate (Table 3.3 Figure 3.8a). In 
contrast, no difference in ETRmax was observed with the –mcyB mutant, though there was 
considerable variation in the ETRmax at the highest light level (Figure 3.8b). For strain LE3, the 
ETRmax was relatively stable at the lowest light level, but decreased by about 30% at the highest 
light level (Table 3.3, Figure 3.8c). Intermediate levels between these two values showed 
considerable variation.  
A more consistent pattern was observed with the α values. All three strains showed a 
general decrease in alpha at the two highest light intensities and relatively stable α values at the 
lowest light intensity indicating that the slope on the PI response curve was not changing under 
the step-down conditions, but the slope decreased under the step-up conditions (Table 3.3, Figure 
3.9). This change in α showed as a change in the amount of light need to saturate PSII (Ik) The Ik 
value for all three strains was relatively stable throughout the 97 h period under low light levels. 
Both 7806 and -mcyB showed an increase 30% in Ik at the highest light level after 97 h. The Ik for 
LE3 also increased at the highest light level, but by a small amount (15%) (Table 3.3, Figure 3.10).   
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Figure 3.8: PhytoPAM photosynthetic parameter Fv/FM for Microcystis aeruginosa strains 
(a) PCC 7806, (b) -mcyB, and (c) LE3 under 4 light levels for 0 and 98 hr. All samples were 
grown under continuous light. Samples were initially grown under 30 µmol quanta m-2 s-1, 
then transferred into experimental conditions. Error bars denote one standard deviation. 
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Figure 3.9: PhytoPAM photosynthetic parameter maximum electron transport rate (ETRmax) 
for Microcystis aeruginosa strains (a) PCC 7806, (b) -mcyB, and (c) LE3 under 4 light levels. 
 All samples were grown under continuous light. Samples were initially grown under 30 µmol 




Figure 3.10: PhytoPAM photosynthetic parameter alpha for Microcystis aeruginosa strains (a) PCC 
7806, (b) -mcyB, and (c) LE3 under 4 light levels. All samples were grown under continuous light. 
Samples were initially grown under 30 µmol quanta m-2 s-1, then transferred into experimental 




Figure 3.11: PhytoPAM photosynthetic parameter Ik for Microcystis aeruginosa strains (a) PCC 
7806, (b) -mcyB, and (c) LE3 under 4 light levels. All samples were grown under continuous light. 
Samples were initially grown under 30 µmol quanta m-2 s-1, then transferred into experimental 
conditions. Error bars denote one standard deviation. 
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3.5 Discussion 
The cyanobacterial photosystem is controlled by many factors under light-saturation or 
light-limited situations (Myers & Kratz, 1955). Consistent with prior reports, all three strains of 
Microcystis aeruginosa, regardless of toxin production, were low-light adapted strains with a 
maximum growth rate under low irradiance conditions (Whitelam & Cold, 1983; Zevenboom & 
Mur, 1984). Our culture collection samples in our lab were kept at 20 µmol quanta m-2 s-1 prior to 
the experiments, which could contribute to these strains having adapted their photosystems to these 
lower light conditions. M. aeruginosa can grow under a wide range of light intensities by varying 
the number of photosynthetic pigments per cell, specifically the amounts of PC and chl-a. (Raps 
et al., 1983). Non-toxic strains of Microcystis may be better (Kardinaal et al., 2007) or worse (Islam 
& Beardall, 2017) competitors for light than toxic strains. This could be due to strain to stain 
differences or differences in the experimental conditions used in the individual studies. Here, we 
observed strain to strain differences in that Microcystis aeruginosa PCC7806 grew faster than the 
–mcyB mutant strain, but both PCC strains grew faster than LE3 under low light conditions. This 
shows there are strain variations in how these cells adapt to these lower light irradiances and their 
resulting growth rate.  
Modifications in Microcystis to high light includes decreasing the size of their antenna 
complexes in their PBS (fewer PC) and by decreasing the number of chlorophyll reaction centers 
in response to high light intensities. These adjustment in their photosystems can occur over 
different timescales. Rapid changes in the distribution between PSII and PSI (state changes) 
operate on the time scale of seconds to hours depending if lateral movement of the PBS complex 
across the thylakoid was required. Longer scale adaptation to changing irradiances through 
addition and subtraction of pigment proteins to the antenna complex and loss of individual 
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component occurs on the course of days, not hours. Microcystis will changed from its normal blue-
green color to a yellow-green color when grown at high light intensities due to a loss of its pigments 
over the course of days (Raps et al. 1985 and observed here). 
All three strains, regardless of toxicity, reached light saturation and modified their 
photosystems in response to our highest light conditions. Our evidence suggests that the size of 
the antenna complex associated with PSII relative to the total chlorophyll (PC/Chl-a) did not 
change with light availability. Rather the total number of reaction centers – pigment complexes 
decreased at the highest light levels. This was reflected in the decreased ETRmax and increased Ik 
at these higher light levels. It is not clear if PSI and PSII decreased at the same rate, as we also 
observed a decrease in the photosynthetic efficiency (Fv/Fm) at the higher light levels suggesting 
that PSI could not accommodate the number of electrons coming out of PSII under these high 
conditions. Microcystis is generally considered a low-light adapted strain with a high affinity for 
light (large alpha). However, Microcystis also has a high Pmax, more typical of a strain that grows 
under high light conditions (Falkowski and Owens, 1980). This is probably an ecological adaption 
to a species where cells are rapidly transported from a low light environment underneath a bloom 
to a high light environment on the surface of a bloom through vertical mixing. The photosynthetic 
yields at the beginning of the experiment here were typical for unstressed cyanobacteria (between 
0.3 and 0.5) (Allahverdiyeva et al., 2013). All decreased at the experiment progressed under the 
higher light levels. We observed a high degree of strain to strain variability. We did not explore 
the basis for this varibility, but variability in the presence of the genes for orange carotinoid 
proteins has been reported for Microcystis (Kerfield et al., 2017). Orange carotenoid proteins 
dissipate of excess light energy arriving at PSII as heat (NPQ) (Kirilovsky, 2007). This excess 
energy not being used for photochemistry would cause a lower photosynthetic yield and lead to a 
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negative correlation under high light conditions with the parameters alpha and Fv/Fm (MacIntyre 
et al., 2002).  
State transitions in cyanobacteria occur within a few minutes to hours and may be 
responsible for the high variability we observed within the first 24 h of these experiments. Most 
fluorescence when normalized to chlorophyll comes from PSII in state 1 as any energy exciting 
PSI is use photochemistry. Under balanced conditions observed under lower irradiance levels 
(state 2), both PS are operating in sync through linear electron flow (Calzadilla et al., 2019). 
Transition to state 2 upregulates the excitation of PSI at the expense of excitation of PSII, moving 
electrons to the PQ pool to reduce the redox balance, whereas transition into state 1 increases the 
PQ pool (Derks et al., 2017). Variations in how our three strains responded to these state changes 
may also explain some of the variability observed early in our experiments. Unfortunately, our 
experimental protocol was geared to looking at changes over the course of hours to days, not 
minutes to hours, and was not appropriate to capture these state changes. 
Modifications within the cyanobacterial photosystems redistribute excitation energy 
between PSII and PSI either through a mobile PBS or energy spillover (Mullineaux, 2004; 2014; 
Kirilovsky, 2014). Phosphorylation is used to regulate state transitions in higher plants through the 
activation of a redox-sensitive protein kinase. However, unlike higher plants and green algae, 
protein phosphorylation (kinases) and dephosphorylation (phosphatases) did not participate in 
state transitions in the cyanobacterium Synechocystis PCC 6803 (Calzadilla et al., 2019). However, 
Synechocystis is also not a toxin-producing species and so those conclusions may not be 
appropriate in a species where the protein phosphatase inhibitor such as microcystins are present. 
Phosphorylation of pigment proteins does occur in toxic and non-toxic strains of Microcystis. Qi 
et al. (2018), has shown that five different proteins across the photosynthetic pathway can be 
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phosphorylated (PsbC, PsbO, PsaB, PetA, and PetE), but it was not established how this 
phosphorylation occurred or was regulated.  
The relationship between the production of microcystins and light remains unclear. The 
two toxic strains studied here responded differently. However, all three strains (toxic or nontoxic) 
required approximately the same light irradiation to reach light saturation indicating that the toxin 
formation was unlikely to be directly associated with this process. As reported before (Kardinaal 
et al., 2007), LE3 produced more toxin per cell under low light conditions. Both 7806 and its mcyB 
mutant showed no variation in microcystin production with light level. Both strains had similar 
conger patterns and both toxic strains should an increase in the methylated variant under lower 
light conditions. We are at a loss to interpret the changes as these lower light level reflects the 
conditions of the culture prior to the start of the experiment. Similar changes in congener patterns 
have been reported with environmental variables (Taranu et al, 2019), but we currently lack the 
biochemical understanding as to what controls the basis of congener patterns to interpret these 
results.  
Under continuous, low-medium light irradiance, the transcript for two genes (mcyB and 
mcyD) in the microcystin operon increase their transcripts. (Kaebernick et al., (2000) suggested 
this was light regulated and due to oxidative stress. However, these increased transcripts did not 
carry over to increased levels of microcystins, like what was observed here. The translation of the 
microcystin operon may be under post-transcriptional control and that microcystins may not be 
produced similarly under all conditions by all species. These results emphasize the importance of 
looking at multiple strains when examining biochemical functions. Microcystis likely uses 
multiple strategies to adjust its photosystems in response to changing light intensities and models 




Overall, there are increases in the growth rate under lower light conditions and the 
physiology is different between strains when cells were exposed to different light intensities. 
Microcystis spp. change their PSI and PSII under high light, but this was not associated with an 
increase in microcystins for PCC 7806. Even within the same species of Microcystis, there are 
variations in response to light stress. Strains of Microcystis have their own biochemical properties 





Figure 3.12: Microcystin structure, where R1 is CH3 and R2 is CH3 for LR and where R1 is CH3 
and R2 is H for [Dha7] LR.  
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3.8 Supplemental Tables and Figures 
Supplemental Table S3.1: Growth rate (d-1) of three Microcystis strains under four different light 
intensities (in µmol m-2 s-1) as calculated from the change in in vivo chlorophyll-a over the entire 
97 h period. All samples were grown under continuous light. Samples were initially grown under 
30 µmol quanta m-2 s-1, then transferred into experimental conditions. ± denotes one standard 
deviation. 
Strain 2 µmol 30 µmol 156 µmol 332 µmol 
M. aeruginosa PCC 7806 0.112 ± 0.001 0.307 ± 0.006 0.082 ± 0.001 0.077 ± 0.001 
M. aeruginosa PCC7806 - mcyB 0.060 ± 0.000 0.192 ± 0.002 -0.060 ± 0.001 -0.117 ± 0.004 





Supplemental Table S3.2: Growth rate (d-1) of three Microcystis strains under four different light 
intensities (in µmol m-2 s-1) as calculated from the change in in vitro chlorophyll-a over the entire 
97 h period. All samples were grown under continuous light. Samples were initially grown under 
30 µmol quanta m-2 s-1, then transferred into experimental conditions. ± denotes 90% confidence 
interval.  
Strain 2 µmol 30 µmol 156 µmol 332 µmol 
M. aeruginosa PCC 7806 0.053 ± 0.002 0.105 ± 0.001 0.113 ± 0.001 -0.062 ± 0.002  
M. aeruginosa PCC7806 - mcyB -0.286 ± 0.006 -0.098 ± 0.005 -0.058 ± 0.002 -0.139 ± 0.007 





Supplemental Figure S3.1: Growth curve of Microcystis aeruginosa LE3 under 30 µmol quanta m-2 
s-1 showing the 10 days before and after the experimental treatments Sample were transferred into 50 
mL culture tubes on day -3 (---), placed under the different light intensities on day 0 (---), and the 





Supplemental Figure S3.2: Total microcystins concentrations for Microcystis aeruginosa strains (a) 
PCC 7806 and (b) LE3 under 4 light levels. All samples were grown under continuous light. Samples 
were initially grown under 30 µmol quanta m-2 s-1, then transferred into experimental conditions. Error 
bars denote one standard deviation. 
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Chapter 4 
Impacts of light on vertical migration of Microcystis in a shallow, well-mixed eutrophic 
lake 
4.1 Abstract 
Toxic cyanobacterial blooms often occur in shallow eutrophic freshwater systems around 
the world. The toxic genus Microcystis has aerotopes (gas vacuoles) that allow dense surface 
blooms to form and allowing cells to vertically migrate. This vertical migration can be driven by 
external stimuli including light and nutrient concentrations. Some cells move to deeper waters to 
gain essential nutrients, whereas light-driven vertical migration allows cells to move toward and 
away from light to keep their photosystems operating efficiently. To test vertical migration 
patterns, water samples were collected from a eutrophic lake, Lake Neatahwanta, in 2016 and 2017 
to identify whether light differences drive vertical migration during high-wind and low-wind 
conditions. Photosynthetic parameters, light irradiance, toxins, temperature, and pigments were 
measured over the course of the day to identify behavior of cell movement. During the high-wind 
day, there was a homogeneous cell distribution throughout the water column. However, during the 
low-wind day, cell vertical migration occurred due to high light stress where cells moved toward 
the deeper waters under higher light conditions; there was a 90% decrease in average cell numbers 
at the surface at mid-day. The photosynthetic yield identified that cells near the surface had a lower 
photosynthetic yield (~0.15) than cells deeper in the water (~0.3), indicating cells were under 
higher stress under higher light conditions. There was no change in chlorophyll-a or phycocyanin 
per cell throughout the day in either year. The concentration of microcystins did not change over 
the course of the day. These results suggest that Microcystis used vertical migration as a 
mechanism to avoid high-light stress instead of changing their pigment concentrations.  
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4.2 Introduction 
Cyanobacterial harmful algal blooms (cHABs) are a common phenomenon found in 
freshwater environments worldwide. Factors that contribute to cHABs include a stable water 
column, warmer temperatures, and sufficient nutrient levels (Paerl & Otten, 2013). cHABs can 
produce toxins that threaten human, animal, and ecosystem health. These cyanotoxins include 
hepatotoxins (microcystins and cylindrospermopsin), neurotoxins (saxitoxins, anatoxin-a, β-N-
methylamino-L-alanine, and guanitoxin), and dermatoxins (lyngbyatoxins) (Sivonen, 2009; 
Buratti et al., 2017; Fiore et al., 2020). 
Toxic blooms affecting humans are most prevalent and problematic in shallow lakes due 
to their unique biological and physical characteristics (Guildford & Hecky, 2000; North et al., 
2007; Paerl & Scott, 2010). The mixed layer can reach the bottom of these lakes and the water 
column remains oxygenated at all depths (Herb & Stefan, 2005). This mixing causes sediment 
resuspension, turbid water, and higher nutrient availability for phytoplankton (Madsen et al., 
2001); specifically, nitrogen and phosphorus are released from the sediments into the water 
column, which in turn allows cHAB organisms to quickly take up the nutrients and grow. In 
stratified lakes, cyanobacteria with aerotopes use these gas vacuoles to move down in the water 
column to gather nutrients from the sediment zone or nutrient-rich hypolimnion at night, and up 
in the water column to obtain light for photosynthesis during the day (Hunter et al., 2008). It is 
widely recognized that vertical migration allows cyanobacteria to access alternate nutrient sources 
during times of nutrient limitation. Vertical movement also allows the cells to position themselves 
in the water column to receive optimal light conditions for photosynthesis (Takamura et al., 1984; 
Nadeau et al., 1999; Flynn & Fasham, 2002), floating to the surface during lower light availability 
and descending deeper to avoid photoinhibition during high light conditions. 
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Cyanobacteria exposed to changing light environments must adapt over short-term and 
long-term time scales. When cyanobacteria are at the surface, they can be exposed to full sunlight. 
Too high of irradiance can be detrimental to growth and can cause photoinhibition (Whitelam & 
Cold, 1983; Krause, 1991; Hsieh et al., 2014). High light conditions may cause cells to generate 
reactive oxygen species (ROS), including the hydroxide radical (OH•), singlet oxygen (1O2), 
superoxide anion (O2), and hydrogen peroxide (H2O2). ROS are produced in both photosystem I 
(PSI) and photosystem II (PSII) when the absorption of light by the chlorophyll and antenna 
pigments, such as the phycobilisome supercomplex (PBS) (Watanabe & Ikeuchi, 2013), exceeds 
the capacity of the photosynthetic apparatus to remove that energy. At low concentrations, ROS 
play important roles in apoptosis and cell signaling, but at higher concentrations, ROS can damage 
pigments, proteins, nucleic acids, and lipids (Apel & Hirt, 2004; Triantaphylidès & Havaux, 2009).  
To minimize ROS formation, the light energy entering PSI and PSII must be carefully 
balanced. This balance between PSII and PSI is achieved by an number of mechanisms including 
changing the antenna size of PSII (MacColl, 1998; Chenu et al., 2017), changing the relative 
number of PSI reaction centers relative to PSII (Raps et al., 1983), moving the PBS complex so 
that it differentially excites PSI and PSII (Mullineaux, 2008), or by changing the cells position in 
the water column so that there is the optimal light available to both photosystems, but not too much 
light so that it exceeds the photosynthetic capacity of the cell (Ganf, 1974; Thomas & Walsby, 
1984; Yao et al., 2017). Most studies on the impacts of light have been completed under laboratory 
conditions (Thomas & Walsby, 1984) or in deeper, stratified lakes (Park et al., 1993). It is uncertain 
what happens in a highly turbid, but shallow lake where blooms rapidly mix over the course of 
centimeters and seconds from a high light-stress environment at the surface to a low-light 
environment where there may be inadequate light to support growth. Here, we look at the 
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movement, pigment composition, photosynthetic efficiency and microcystins production by 
Microcystis in shallow (2 m), highly eutrophic lake in central New York. 
Lake Neatahwanta, located in the towns of Fulton and Granby in Central New York, is a 
2.89 km2 lake. The average depth of Lake Neatahwanta is 2 m, with a maximum depth 
approximately 3.7 m (F X Browne Associates, 1990). The lake is bound by agricultural fields used 
for both farming and livestock. As a result, the lake is highly eutrophic with yearly average total 
phosphorus (TP) concentration of 0.135 mg L-1 (2004-2018) and total nitrogen (TN) concentration 
of 1.57 mg L-1 (2011-2018) (Boyer et al., unpublished). Water mixing occurs easily in Lake 
Neatahwanta due to the shallowness of the lake. Wind speeds of 5 m s-1 can mix the water column 
5 times more than wind speeds of 1.7 m s-1 in shallow lakes (Søndergaard et al., 2003). For shallow 
lakes, the threshold for wind speeds for vertical mixing ranges from 3.1 m s-1 (Cao et al., 2006) to 
4 m s-1 (Hunter et al., 2008). Lake Neatahwanta experiences persistent cHABs comprised mostly 
of a mixture of multiple Microcystis species. The concentration of chlorophyll-a between March 
and November averages 76 µg L-1 (2004-2018) and can reach values over 600 µg L-1 in some of 
the intense scums. Secchi depths for most of the year are less than 50 cm with the bottom seldom 
being visible (Boyer et al., unpublished).  
Microcystin toxins are common in this lake but concentrations are highly variable. It has 
ranged from 0 to 300 µg total microcystins L-1 over the past decade (Boyer et al., unpublished). A 
major portion of microcystins are localized within the thylakoid regions of cyanobacteria (Young 
et al., 2008). This preferential localization of microcystins within the thylakoid membrane could 
indicate microcystins have a regulatory role in the photosystems (Jüttner & Lüthi, 2008; Pearson 
et al., 2008). Higher light intensity increases the transcription of the mcy operon in Microcystis 
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spp. (Kaebernick et al., 2000). Here, we examined if this increased light irradiation translated to 
an increased concentration of microcystin in the cell under field conditions.  
 
4.3 Methods 
4.3.1 Sample location and collection 
Samples were collected on two separate days; August 23rd, 2016 and August 2nd, 2017, 
at the Lake Neatahwanta Bullhead Point Pier (43.3136 ºN, 76.4296 ºW) located on the north-east 
end of the lake. Sample collection started before sunrise at 04:00 h and were collected every two 
hours until well after sunset at 22:00 h. Unfiltered water samples were collected in 4.0 L carboys 
using a 4.2 L opaque horizontal alpha sampler (Wildco.com, Yulee, FL, USA) at 0.0, 0.5, and 1.0 
m for both years, and at 1.5 m in 2017. From this 4 L sample, duplicate samples for chlorophyll-a 
and phycocyanin/phycoerythrin were collected on 47 mm polycarbonate membrane filters (1 µm 
nominal pore size, Poretics Corp., Liverpool, CA USA). Particulate toxins were collected on a 90 
mm Whatman 934-AH glass fiber filter (1.5 µm pore) (GE Healthcare, Chalfont St Giles, UK). 
using a peristaltic pump. All filters were stored on ice in the field, then stored at -20 ºC on return 
to the laboratory until analysis. Separate samples were collected for analysis using a bbe 
Moldaenke Fluoroprobe (see below), cell counts and algae identification preserved in Lugol’s 
solution, and 1 L unfiltered water in Nalgene polypropylene bottles for dissolved plus particulate 
toxin analysis. A sample at midday was taken to determine the TP, soluble reactive phosphorus 
(SRP), TN, and nitrate/nitrite (NOx) concentrations of the lake. All samples were filtered through 
a 0.45 µm pore size nylon syringe filter (Corning, CLS431225, Corning NY, USA). These samples 




4.3.2 In situ measurements 
Photosynthetically active radiation (PAR) was measured every two hours using Li-Cor 
LI-193 Spherical Underwater Quantum Sensor (360º) attached to a LI-1500 Light Sensor Logger 
(LI-COR, Lincoln, NE, USA) at each sampling depth (0 m, 0.5 m, 1.0 m, 1.5 m). Above surface 
radiation was measured using a 2π Licor LI-190R Quantum Sensor mounted separately on the 
dock. Average vertical light attenuation coefficients (Kd(PAR)) were calculated at each 2 h interval 
from the linear regression line fitted to the natural log of the PAR versus depth lines (D’Alessandro 
& Filho, 2016). 
Temperature, specific conductivity (Hydrolab, PIN004468), blue-green algae (Hydrolab, 
PIN004463), chlorophyll (Hydrolab, PIN007202), pH (Hydrolab, PIN004461), and dissolved 
oxygen (HACH, LDO PIN9154500) were measured every two hours using a Hydrolab DS 5X 
Sonde (HACH Environmental, Loveland, CO, USA,). Water clarity was measured using a Secchi 
disk during daylight hours to assess light penetration. Wind speed and direction were obtained 
from the weather station located at the Oswego County Airport Station 
(https://www.wunderground.com/history/daily/ KFZY/date/). 
 
4.3.3 Determination of pigment concentrations, algae classes, and photosynthetic activity 
Chlorophyll-a (chl-a) was quantified using the bbe AlgaeOnlineAnalyser (AOA) (bbe 
Moldaenke GmbH, Germany), a bbe Fluoroprobe, a Hydrolab Sonde, and by extracted 
chlorophyll. In the field, duplicate samples were collected from each sampling depth and drawn 
into the AOA to determine class-specific chlorophyll concentrations, light transmission, and the 
photosynthetic activity (Genty parameters) (Beutler et al., 2002). The photosynthetic efficiency of 
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PSII (ΦPSII) was defined as (Fm'-Fs')/Fm', where Fm' is the maximal fluorescence yield of the 
illuminated sample with all PS II centers closed and Fs' is steady state fluorescence in light adapted 
cells (Klughammer & Schreiber, 2017). 
The AOA divides chlorophyll concentrations, transmission, and the photosynthetic 
activity into three groups of microalgae: cyanobacteria, chlorophytes, and 
heterokonts/dinoflagellates. Cyanobacteria, depending on the abundance of phycoerythrin (PE) 
within the cells, may not be included in the phycocyanin (PC)-rich category. For this reason, algal 
class abundance was estimated using a bbe Fluoroprobe on unfiltered water samples after returning 
to the lab. The Fluoroprobe categorizes phytoplankton into four groups, PC-rich cyanobacteria, 
chlorophytes, heterokonts/dinoflagellates, and PE-rich cyanobacteria or cryptophytes. (Beutler et 
al., 2002). The percent abundance of cyanobacteria was determined using both the AOA and 
Fluoroprobe and dividing the PC-rich cyanobacteria-specific chlorophyll by the total chlorophyll 
of the sample. The AOA and Fluoroprobe also estimates the concentration of yellow substances 
(chromophoric dissolved organic matter or CDOM) as predefined by the instrument.  
Total phosphorus (TP) and soluble reactive phosphorus (SRP) concentrations were 
determined using Environmental Protection Agency (EPA) method 365.1 (persulfate 
digestion/ascorbic acid; spectrophotometric) with a SEAL autoanalyzer model AA3 (Seal 
Analytical, Mequon WI, USA). Samples for total nitrogen (TN) were oxidized to nitrate by 
photolytic decomposition of persulphate in an online UV digester and the nitrate was determined 
using the sulfanilamide/NEDD reaction (EPA method 353.1) using the SEAL AA3 autoanalyzer. 
The method detection limits were 9 µg TP L-1, 0.29 µg SRP L-1, 20 µg TN L-1, and 10 µg NOx L-
1. Molar N:P ratios of the water column were calculated using TN divided by 14 and TP divided 
by 32 to correct for their relative atomic mass. 
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Extracted chl-a was determined using EPA Method 445.0. Filters were extracted in 7 mL 
of cold 90% acetone/water (v/v) in a bath sonicator for 1 h in the dark at 4 ºC. The filters were 
removed from the vials and the supernatant centrifuged for 5 minutes at 4,000 x g at room 
temperature to settle particulates. Soluble chl-a was measured using the Welschmeyer 
(Welschmeyer, 1994) filter set (436 nm excitation, 680 nm emission) with a Turner Designs TD-
700 fluorometer (Sunnyvale, CA, USA). The fluorometer was calibrated using chl-a extracted 
from Chlorella vulgaris in cold 90% acetone/water (v/v), whose concentration was determined 
using a Milton Roy Spectronic 3000 Diode Array Spectrometer, where A is for absorbance 
(Equation 4.1) (Parsons & Maita, 1984).  
 
Equation 4.1: chl-a (µg L-1) = (11.85(A663– A665) − 1.54(A647) − 0.08(A630)) x 106 
 
Phycocyanin and phycoerythrin were extracted in 7 mL of 10 mM phosphate buffer at pH 
6.8. The cells were lysed using alternating three freeze-thaw cycles in the dark at 4ºC. Particles in 
the extract were removed by centrifugation for 15 min at 12,000 x g at 4 ºC. Soluble phycocyanin 
and phycoerythrin were measured in a Turner Designs 10-AU Fluorometer (Sunnyvale, CA, USA). 
Phycocyanin was measured using a 544 nm excitation filter and a 577 nm emission filter and a 
clear quartz lamp. Phycoerythrin was measured using a 577 nm (excitation) and 660 nm (emission) 
filter set, with a cool white lamp. Pigment concentrations were calibrated using a natural sample 
of phycocyanin (PC) and phycoerythrin (PE) whose concentrations were determined using the 
Equations 4.2 and 4.3 from Bennett and Bogorad (Bennett & Bogorad, 1971; Bennett & Bogorad, 
1973; Pavlac et al., 2012).  
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Equation 4.2:  PE (µg L-1) = [(A564 - A592) - (A455-A592) x 0.20] x 0.12 
 
Equation 4.3: PC (µg L-1) = [(A618 - A645) - (A592-A645) x 0.15] x 0.15 
 
 
4.3.4 Cyanobacterial cell and toxin analysis 
Toxin filters were extracted in 5 mL of 50% methanol/water (v/v), acidified with 1% 
acetic acid (v/v) using an sonicator (Misonix Sonicator 3000 with microtip attachment, 
Farmingdale, NY, USA) at output level 7.0 to lyse cells. Samples were clarified by centrifugation 
at 11,000 x g at 4 ºC, then the supernatant was filtered through a 13 mm, 0.45 µm pore nylon filter. 
Samples were stored at -20 ºC until analysis. Reverse-phase liquid chromatography using a Waters 
2695 (Waters Corporation, Milford, MA, USA) solvent delivery system coupled to a Waters 
ZQ4000 mass spectrometer (m/z 500-1250 amu) and a 2996 photodiode array detector (210 to 400 
nm wavelength) 2996 photodiode array detector (210 to 400 nm wavelength) was used to screen 
for molecular ions of 22 common microcystin congeners (RR, dRR, mRR, H4YR, hYR, YR, LR, 
HilR, zLR, [Dha7]LR, meLR, AR, FR, WR, LA, dLA, mLA, LL, LY, LW, LF, WR). The 
separation column was an ACE 5 C18, 150 x 3.0 mm (Mac Mod Analytical, part number 
ACE1211503, Chadds Ford, PA, USA). A 30-70% aqueous acetonitrile gradient containing 0.1% 
formic acid at a flow rate of 0.3 mL min-1. Microcystins were identified based on characteristic 
molecular weight between 900 and 1150 amu, their diagnostic Adda UV spectrum, and correct 
retention time as determined using standards (Peng et al., 2018; Boyer, 2020). Individual 
concentration of congeners was quantified using the peak area of the extracted ion relative to 
standards of microcystin-LR or microcystin-RR (Enzo Life Sciences, Farmingdale, NY, USA). 
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This allowed quantification of congeners where standards are not available. Detection of congeners 
was validated by co-occurring presence of the diagnostic UV signature from the ADDA group. 
The method detection limit for each individual microcystin was < 0.05 µg L-1. 
Microcystis spp. cell counts were obtained on Lugol’s preserved samples using a Leica 
DM2000 light microscope at 400 x magnification and a hemocytometer. Cell number anomalies 
were determined by dividing the cell number (or chlorophyll concentration) at a specific depth and 
time by the average cell number (or chlorophyll concentration) for all depths and times. Genera 
and species of Microcystis were identified as described by Komarek, (2008).  
 
4.3.5 Statistical analysis 
Shapiro-Wilk normality tests, non-linear exponential regression, analysis of variance 
(ANOVA), Pearson and Spearman correlations, and post-hoc tests were performed using 
GraphPad Prism 8 statistical software (GraphPad, USA). Significantly different means were 
identified using one-way ANOVA, α = 0.05, followed by Games-Howell non-parametric post-hoc 
test at 95% confidence was used since test does not assume equal variances. Percent anomalies 
from the predicted values were calculated by first assuming the total chlorophyll at any specific 
time was uniformly distributed across all 3 (2016) or 4 (2017) depths, then expressing the actual 
value at any given depth and time as a percent deviation from that predicted value.  
 
4.4 Results 
4.4.1 Characterization of the water column chemistry 
The wind in 2016 was out of the south west and varied between 6 and 10 mph (2.7 – 4.5 
m s-1) for most the day, resulting in a relatively well-mixed water column throughout the day based 
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on the distribution of yellow substances (data not shown). In 2017, winds generally were less than 
5 mph (2.2 m s-1) out of the west. Samples were binned into morning (06:00 to 10:00), afternoon 
(12:00 to 16:00), and evening (18:00 to 22:00). The water column chemistry in 2017 was relatively 
uniform in the morning from 0-1.5 m. Moderate thermal warming of the upper 1 m was observed 
starting around noon until a maximum difference of 6 °C around 18:00 in 2017. (F (3, 24) = 8.175, 
p < 0.001, Figure 4.1a). Dissolved oxygen was uniform through the top 1 m, but a depressed 
dissolved oxygen (DO) (F (3, 24) = 16.83, p < 0.001) and an elevated conductivity was observed 
in the bottom 1.5 m sample in the late afternoon) (F (3, 24) = 14.08, p < 0.001) (Figures 4.1b-c). 
Yellow substance measurements were slightly elevated in the bottom water sample (1.5 m) and 
decreased in the upper waters later in the afternoon, but there was no significant difference (F (3, 
24) = 10.61, p < 0.001) (Figure 4.1d).  
Nutrient concentrations were not measured throughout the day with depth, but only at the 
“normal” mid-day sampling period at 1 m. Biweekly nutrient concentrations for chloride (Cl), 
nitrate/nitrite, TN, TDP, and TP were collected for Lake Neatahwanta in 2016 and 2017, with 
suspended solids also collected for Lake Neatahwanta in 2017. Full characterization of the water 
chemistry throughout the year in 2016 and 2017 is provided in the supplemental information 
(Supplemental Figure S4.1 and S4.2, respectively). The average concentrations for key nutrients 
and chloride for 2016 were as follows: TN (1.20 ± 0.26 mg L-1), NOX (0.05 ± 0.05 mg L-1), TP 
(0.06 ± 0.02 mg L-1), TDP (0.01 ± 0.01 mg L-1), and Cl (44.36 ± 6.08 mg L-1). The average 
concentrations for key nutrients and chloride for 2017 were as follows: TN (1.18 ± 0.44 mg L-1), 
NOX (0.16 ± 0.17 mg L-1), TP (0.06 ± 0.03 mg L-1), TDP (0.02 ± 0.01 mg L-1), Cl (31.60 ± 6.20 
mg L-1), and suspended solids (21.66 ± 17.66 mg L-1). The nutrient concentrations measured at 
noon during the diurnal sampling day in 2016 were 0.02 mg L-1 NOX, 1.40 mg L-1 TN, 0.01 mg L-
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1 TDP, 0.08 mg L-1 TP, and 46.32 mg L-1 Cl. The nutrient concentrations measured the day of 
sampling in 2017 were 0.04 mg L-1 nitrate/nitrite, 0.68 mg L-1 TN, 0.02 mg L-1 TDP, 0.07 mg L-1 
TP, 32.75 mg L-1 Cl, and 24.29 mg L-1 for suspended solids. The molar N:P ratio for Lake 
Neatahwanta water column was greater than a Redfield's ratio of 16 N: 1 P (Redfield, 1958) at all 
times. The average N:P ratio was 51.39 ± 25.07 in 2016 and was 50.89 ± 26.44 in 2017 




Figure 4.1: Changes in water column parameters with depth over the course of the day for 
2017. (a) Temperature, (b) Dissolved oxygen, (c) Specific conductivity, and (d) Yellow 
substances. Temperature, dissolved oxygen, specific conductivity, and yellow substances 
were not significantly difference in the morning hours (06:00-10:00) (p = > 0.05, > 0.05, > 
0.05, > 0.05, respectively), but where significantly different in the evening hours (18:00-22:00 














4.4.2 Characterization of the light field 
Sampling in both years occurred under clear skies with occasional clouds. The highest 
measured irradiance experienced on the dock was 1930 µmol quanta m-2 s-1 in 2016 at 13:00 local 
time and 1827 µmol quanta m-2 s-1 in 2017 at 14:00. The irradiance one centimeter below the water 
surface reached approximately 1400 µmol quanta m-2 s-1 or about 75% of the surface irradiance for 
both years (Figure 4.2). The dip in surface irradiance at noon in 2017 was due to passing clouds. 
The light levels in the water were strongly attenuated by the water column with an average light 
attenuation coefficients Kd(PAR) ± s.d. of 3.989 ± 0.580 m-1 in 2016 and 2.164 ± 0.237 m-1 in 
2017 (Supplemental Figure S4.4). Kd(PAR) had a meaningful decrease of approximately 25% 
midday when compared to the morning of evening sampling where the standard error was 0.219 
in 2016 and 0.084 in 2017. The average Kd(PAR) for 2016 (average = 3.989) was different than 
Kd(PAR) for 2017 (average = 2.164).  
In 2016 and 2017, the average Secchi disk depth during daylight hours (± s.d.) was 0.4 ± 
0.1 m in 2016 and 0.6 ± 0.1 m in 2017. The slightly stronger light attenuation in 2016 compared 
to 2017 was due to a more intense algal bloom as supported by the elevated average chlorophyll 
concentrations (see below). Only about 3% of total solar surface irradiance PAR penetrated the 




Figure 4.2: Irradiance at 0.0, 0.5, 1.0, and 1.5 m in umol quanta m-2 s-1 throughout the 
day for a) 2016 and b) 2017. The dip in surface irradiance at noon in 2017 was due to 
a passing cloud. 
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4.4.3 Cyanobacteria abundance and pigments during water column stratification  
Microcystis spp. was the most common genus of cyanobacteria in Lake Neatahwanta 
starting early in February and continuing through November. Other common genera included 
Dolichospermum and Aphanizomenon. Individual colony morphotypes of Microcystis spp. were 
not enumerated, however there was considerable variability in the relative amount of the M. 
aeruginosa, M. wesenbergii, M. viridis, and M. botrys morphotypes present in the mixed 
assemblages. 
 While the total cell abundance with time did not change between the morning, afternoon, 
or evening in 2016 (p = 0.199) or 2017 (p = 0.213), there was a change in its distribution in the 
water column. In both 2016 and 2017, the cell abundance was relatively uniformly distributed 
across all depths in the morning hours in 2016 (p > 0.05) or 2017 (p > 0.05). As the day progressed 
to peak irradiance in the afternoon, the percent cell abundance in the surface waters decreased, 
whereas the cell abundance in the bottom waters showed a slight increase in 2017 (p = 0.005), but 
not 2016 (p = 0.623). The cells per liter at different light intensities were normally distributed in 
2016 (W (26) = 0.960, p = 0.360), but not in 2017 (W (39) = 0.905, p = 0.003). Greater cell 
abundances were observed under lower light intensities deeper in the water column in 2017 (p = 
0.017), but not in 2016 (p = 0.136) (Figure 4.4). The concentration of Microcystis cells per liter 
was higher at light intensities less than 40 µmol quanta m-2 s-1 than it was at light intensities greater 
than 40 µmol quanta m-2 s-1. Based on cell-number anomaly percentages, there were fewer cells at 
the higher light conditions in 2017 (F (3, 27) = 5.306, p = 0.005). This same partitioning was not 
observed in 2016 (F (2, 16) = 2.202, p = 0.143) (Figure 4.5). 
Analysis of phytoplankton classes using the Fluoroprobe indicated that phycocyanin-rich 
cyanobacteria accounted for an average of 83% (range 70-90%) of the total chlorophyll with 
 133 
phycoerythrin-rich cyanobacteria/cryptophytes accounting for an additional 13% (range 5-18%). 
Even though the AOA did not include a channel for phycoerythrin-rich cyanobacteria, excellent 
agreement was obtained between the AOA and FP for total chlorophyll (r2 = 0.900, n = 39, p < 
0.001) (Supplemental Figure S4.5a) or total phycocyanin-rich cyanobacterial chlorophyll (r2 = 
0.903, n = 39, p < 0.001) (Supplemental Figure S4.5b) in 2017. The 2016 data shows the same 
pattern where AOA and FP for total chlorophyll (r2 = 0.925, n = 24, p < 0.001) or total 
phycocyanin-rich cyanobacterial chlorophyll (r2 = 0.990, n = 24, p < 0.001) (data not shown). 
Since the AOA measurements were done in the field without the potential artifacts of sample 
storage, and provided the Gentry parameters, the AOA results were used for subsequent analyzes.   
 134 
Figure 4.3: Microcystis spp. cell abundance per depth normalized as a percentage of the total 
number of cells at a specific time in a) 2016 and b) 2017. The percent distribution of cells with 
depth when averaged across all times was not significantly different in 2016 (F (2, 18) = 1.771, 





Figure 4.4: Microcystis spp. cell count plotted as a function of the PAR irradiance in 




Figure 4.5: Hourly cell count anomaly expressed as percentage of daily average cell 
count at all depths for a) 2016 and b) 2017. 
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The total chlorophyll concentration using the AOA was uniformly distributed with depth 
in the morning hours then decreased at the near surface in 2017, but not 2016 as the day progressed 
(Figure 4.6). The total chlorophyll for all depths in the morning, afternoon, and evening were 
examined for both 2016 and 2017. There were no significant differences in 2016 throughout the 
day at any depth (p = 0.868), but in 2017, there was significantly less total chlorophyll in the 
surfaces waters than at the bottom waters in the evening hours (p < 0.001). A similar pattern of 
decreased blue-green algal (BGA) chlorophyll in the surface waters during the evening hours 
versus relatively changed concentrations in the deeper waters was observed in 2017 (p < 0.001), 
but not 2016 (p = 0.868). When observing BGA chlorophyll concentration over the course of the 
day, both 2016 (p < 0.001) and 2017 (p = 0.001) showed a decrease later in the afternoon compared 
to the morning (Figure 4.7).  
Chlorophyll anomalies were greater than the predicted amount in the morning, then 
decreased to being less than the predicted amount in the afternoon in both 2016 and 2017. The 
average changes in chlorophyll at the different depths were smaller (10-20%) in 2016 and larger 
(up to 40%) in 2017, but the greatest change in chlorophyll concentrations was consistently 
observed in the surface samples (Figure 4.8). In 2017, we added an additional depth at 1.5 m which 
was always an above predicted average concentration of chlorophyll with time. Higher than 
predicted chlorophyll concentrations were also observed at 1.0 m twice in 2017 and once in 2016, 
with all three events happening late in the evening. There was no relationship between chlorophyll 






Figure 4.6: AlgaeOnlineAnalyser chlorophyll concentration at depths 0.0, 0.5, 1.0, and 
1.5 m where total chlorophyll did not vary in a) 2016 (F (2, 15) = 0.143, p = 0.868), but 
was significantly different between depths in b) 2017 (F (3, 24) = 15.87, p < 0.001).  
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Figure 4.7: Blue-green algal chlorophyll concentration at depths 0.0, 0.5, 1.0, and 1.5 m as 
measured using the bbe AOA. a) cyanobacteria specific chlorophyll in 2016 (F (2, 24) = 2.397, 
p = 0.113) and b) cyanobacteria specific chlorophyll in 2017 (F (3, 27) = 7.758, p < 0.001). 
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Figure 4.8: Hourly chlorophyll anomaly expressed as percentage of daily average 
chlorophyll at all depth for a) 2016 and b) 2017. 
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Figure 4.9: Chlorophyll per cell compared to irradiance level for a) 2016 and b) 2017. 
r22016 = 0.052, r22017 = 0.192. 
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The total concentration of extracted phycocyanin did not significantly change at different 
depths throughout the day in 2016 (F (2,27) = 0.995, p = 0.383). In contrast, the total phycocyanin 
content decreased at shallower depths over the course of the day starting around 16:00 in 2017 (F 
(3, 40) = 38.94, p < 0.001) (Figure 4.10). A 3-fold greater concentration of phycocyanin was 
observed in the lower waters in 2017 when compared to the upper water later in the day. No change 
was observed in either year when examining the extracted phycocyanin when expressed on a per 
cell basis per depth (2016: F (2, 16) = 1.263, p = 0.310 ;2017: F (3, 27) = 0.126, p = 0.944) or over 
the course of the day (2016: F (8, 16) = 1.091, p = 0.417; 2017: F (9, 27) = 0.673, p = 0.726).  
Phycocyanin anomalies throughout the day identified highest phycocyanin concentrations 
in the upper waters in the morning, with concentration decreasing throughout the day for both 2016 
and 2017 (Figure 4.11). In 2016, the data was normally distributed for all depths (p > 0.05), but in 
2017, at depths 0.0 (p < 0.001) and 1.5 (p < 0.001), the samples were not normally distributed due 
to cell movement from the surface to deeper in the water column. By noon, the shallower waters 
began to have less phycocyanin than the daily average until the maximum decrease was seen 
around 18:00. Phycocyanin concentrations per liter decreased in the upper waters over the course 
of the day in both 2016 and 2017 relative to their average concentration. This differentiation in the 
upper waters was much greater in 2017 (20-50%) when the 1.5 m results were added as compared 
to the change in 2016 (10-20%) when measurements only included the samples down to 1.0 m. 
There was no pattern in phycocyanin per cell anomalies throughout the day for 2016 (F (8, 16) = 
1.091, p = 0.417) or 2017 (F (9, 27) = 0.673, p = 0.726) (Figure 4.12). The phycocyanin per cell 
vs. irradiance curve was not normally distributed in 2016 (W (26) = 0.899, p = 0.015) or in 2017 
(W (38) = 0.563, p < 0.001) (Figure 4.13). The phycocyanin per chlorophyll per cell vs. irradiance 
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curve was not normally distributed in 2016 (W (26) = 0.892, p = 0.009) nor in 2017 (W (39) = 
0.232, p < 0.001) (Figure 4.14).  
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Figure 4.10: Changes in extracted phycocyanin concentration with depth over the 
course of the day in a) 2016 (F (2,27) = 0.995, p = 0.383). and b) 2017 (F (3, 40) = 38.94, 
p < 0.001). 
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Figure 4.11: Hourly total phycocyanin anomaly expressed as percentage of daily 
average phycocyanin at all depth for a) 2016 and b) 2017. 
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Figure 4.12: Hourly total phycocyanin per cell anomaly expressed as percentage of daily 
average phycocyanin at per cell concentration all depth for a) 2016 (F (8, 16) = 1.091, p = 
0.417) and b) 2017 (F (9, 27) = 0.673, p = 0.726). 
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Figure 4.13: Phycocyanin per cell compared to irradiance level for a) 2016 and b) 2017. 
r22016 = 0.063, r22017 = 0.072. 
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Figure 4.14: Phycocyanin per chlorophyll compared to irradiance level for a) 2016 and b) 2017. 
r22016 = 0.004, r22017 = 0.005. 
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4.4.4 Microcystins concentration variation throughout the day 
The concentration of microcystins per liter at the dock for the entire 2016 and 2017 season 
is shown in Supplemental Figure S4.6. The microcystins concentration per liter and per cell for 
2016 and 2017 over the course of the two days of high–intensity sampling is shown in Figures 
4.15 and 4.16, respectively. The total particulate microcystins concentration summed over all 
depths did not change over the course of the day when expressed on a per liter basis in 2016 (6.05 
± 1.50 µg L-1) or 2017 (1.67 ± 0.75 µg L-1). There was no difference in the concentration of 
microcystins per liter at any depth throughout the day in 2016 (p > 0.05) or 2017 (p > 0.05) at any 
depth comparing the morning, afternoon, and evening hours. There was a significant difference 
between depths in 2017 where there was more toxin being produced at deeper depths later in the 
afternoon compared to the surface waters (F (3, 27) = 6.918, p = 0.024), but this was not observed 
in 2016 (F (2, 16) = 1.082, p = 0.367). There was no difference in the concentration of microcystins 
per cell at any depth comparing the morning, afternoon, and evening hours in 2016 (p = 0.364) or 
2017 (p = 0.258) at any time of day. Microcystins per liter vs. light irradiance were normally 
distributed in 2016 (W (27) = 0.932, p = 0.079), but not in 2017 (W (39) = 0.618, p < 0.001). 
Microcystins per cell vs. light irradiation were not normally distributed in 2016 (W (26) = 0.782, 
p < 0.001) or 2017 (W (39) = 0.623, p < 001). The concentration of microcystins per liter versus 
irradiance showed a general increase in 2016 (r2 = 0.161, n = 27, p = 0.038), but not in 2017 (r2 = 
0.001, n = 40, p = 0.996) (Figure 4.17). There was no significant difference in microcystins per 
cell when compared to irradiance levels in 2016 (r2 = 0.021, n = 27, p = 0.467) or 2017 (r2 = 0.008, 
n = 40, p = 0.588) (Figure 4.18).  
Four microcystin congeners (microcystin-RR, -LR, -YR and –mLR (tentatively identified 
as MC-HilR or MC-LhR)) were detected on the two sampling days. In 2016, the most common 
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congeners (± s.d.) were microcystin-RR (average 44.4% ± 4.7%) and -LR (average 40.9% ± 2.9%). 
These two microcystins accounted for 85% of the total microcystins. Microcystin-YR and -mLR 
accounted for the remaining microcystins (Figure S4.7a). In 2017, microcystin-LR (average 45.7% 
± 7.8%) and –RR (average 37.4% ± 5.8%) were again the most common, with -YR accounting for 
the remaining microcystins. The congener percentage did not change over the course of the day. 
The minor congener, mLR, was not observed in 2017 (Figure S4.7b), and was detected only in 
2016 at the higher irradiation times during the day.  
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Figure 4.15: Microcystins concentration over the course of the day in a) 2016 (F (8, 16) = 
2.156, p = 0.091) and b) 2017 (F (9, 27) = 1.516, p = 0.193) at 0.0, 0.5, 1.0, and 1.5 m. Only 
one sample was collected per depth per sampling time.  
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Figure 4.16: Microcystins concentration per cell in 2016 (F (8, 16) = 0.751, p = 0.0.649) and 
b) 2017 (F (9, 27) = 1.413, p = 0.231) per depth: 0.0, 0.5, 1.0, and 1.5 m. 
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Figure 4.17: Total microcystin concentration plotted as a function of the PAR irradiance 
in a) 2016 and b) 2017. r22016 = 0.161, r22017 = 0.048. 
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Figure 4.18: Microcystins per cell concentration plotted as a function of the 
PAR irradiance at a) 2016 and b) 2017. r22016 = 0.021, r22017 = 0.008. 
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4.4.5 Photosynthetic efficiency of Microcystis spp.  
The maximum photosynthetic efficiency of PSII during the morning hours was 0.4, which 
is typical of non-stressed Microcystis species (Perri et al., submitted; Chapter 3, this dissertation). 
The photosynthetic efficiency decreased as the irradiance increased over the day in both years 
(Figure 4.19). In 2016 and 2017, the deeper waters between 10:00 and 18:00 generally had a higher 
photosynthetic yield, close to 0.3, than the samples closer to the surface that had lower 
photosynthetic yields closer to 0.1. The lowest photosynthetic efficiency was obtained in surface 
waters during times of peak irradiance (< 0.1). In general, surface waters had a lower 
photosynthetic efficiency than the deeper waters. The photosynthetic efficiency at irradiances less 
than 80 µmol quanta m-2 s-1 was typical of a non-light stressed population. Photosynthetic 
efficiency vs. PAR light irradiation was normally distributed in 2016 (W (26) = 0.969, p = 0.637) 
and 2017 (W (39) = 0.950, p = 0.075). Cells at all irradiances greater than 80 µmol quanta m-2 s-1 
showed indications of light stress (Figure 4.20). There was a significant correlation between higher 
light and lower photosynthetic yield for 2016 (r2 = 0.355, n = 24, p = 0.002) and 2017 (r2 = 0.240, 






Figure 4.19: Photosynthetic yield throughout the day in a) 2016 and b) 2017 at 0.0, 
0.5, 1.0, and 1.5 m. One sample was measured per depth per sampling time.  
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Figure 4.20: The photosynthetic efficiency plotted as a function of the PAR irradiance in 
a) 2016 and b) 2017. Slope 2016 = -0.0001, Slope 2017 = -0.0001. 
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4.5 Discussion 
Different water column stability was observed in Lake Neatahwanta between 2016 (windy) 
and 2017 (relatively calm) as indicated by cell movement (Figure 4.3), where wind speeds were 
considered the main driver of water column mixing (Hunter et al., 2008; Wynne et al., 2010). 
Cyanobacterial cells vertically migrate to obtain nutrients near the bottom layer of the water 
column near the sediment where there is a higher level of nutrients (Walsby, 1970) and to move 
in the water column to be in optimal light conditions (Takamura et al., 1984). Lake Neatahwanta 
is a high-nutrient (eutrophic to hypereutrophic) lake, eliminating the need for cells to migrate to 
obtain essential nutrients. Lake Neatahwanta was dominated by the cyanobacterium Microcystis, 
a genus that was known to predominate the phytoplankton populations under water conditions of 
more intermediate column stability and higher nutrient availability (Pick & Lean, 1987).  
Microcystis spp. in Lake Neatahwanta experienced light stress, especially in cells closer to 
the surface. Exposure to higher irradiance intensities can give a lower measured photosynthetic 
yields (Miskiewicz et al., 2000). Cells that remained in the darker bottom waters showed no 
indication of reduced photosynthetic efficiency (ΦPSII = 0.25 ± 0.07 throughout the day). The 
individual residence times of a specific cell was not measured; therefore, this information is an 
average for all cells at each depth. Cyanobacteria have a number of mechanisms (e.g. vertical 
migration, changes in PSII:PSI ratios, changes in pigment concentration) to reduce photoinhibition 
and be less sensitive to light stress (Öquist et al., 1995). Microcystis in culture is considered a low 
light-adapted pelagic cyanobacterial genus that obtains maximal growth rates at PAR irradiances 
less than 80 µmol quanta m-2 s-1 (Zevenboom & Mur, 1984). Here, we showed that Microcystis 
spp. were a lowlight adapted genus in the field as well. During periods of greater solar irradiation, 
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cells at the surface were likely to have experienced photoinhibition as evidenced by a decreased 
efficiency of solar energy conversion into photosynthesis or photosynthetic efficiency.  
Microcystis can avoid high irradiances when the water column is stable by migration to a 
lower light intensity. This vertical migration was not observed at higher wind speeds when the 
system was mixed. Diel migration in cyanobacteria and bacterioplankton for protection from 
photoinhibition has been reported before (Takamura et al., 1984; van Rijn & Shilo, 1985; Jeffrey 
et al., 1996; Hunter et al., 2008). Cells move away from the surface in response to high levels of 
irradiation, but there was a lag before cells were able to migrate down to deeper in the water column 
(Kerfeld et al., 2013). This is well documented in deeper lakes (> 8 m average depth), but was also 
observed here in shallow Lake Neatahwanta. Vertical migration in a stratified lake can occur since 
colonial cyanobacteria with strong buoyancy control (Head et al., 1999) and the resulting 
stratification of cells can occur in a shallow nutrient-rich lake under low-wind conditions, provided 
there is a sufficient light gradient for an ecological advantage.  
The decreased in Microcystis cells at the surface of the water column has clear implications 
for monitoring. Sampling programs tend to be designed to sample between the hours of 10:00 and 
15:00 (Boyer, unpublished). Migration becomes much more prominent from the surface to deeper 
waters at these times. This can lead to sampling errors in estimating cyanobacterial biomass 
depending on sample collection techniques. Surface samples, which are often the method of choice 
due to convenience and cost, would be most sensitive to these sample artifacts. Vertically 
integrated samplers would capture these subsurface populations and avoid potentially 
underestimating the phytoplankton biomass (Boyer, unpublished).  
The cells of Microcystis may employ other methods to tolerate and succeed during high-
light conditions. These include reducing the size of the antenna complex, decreasing the number 
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of reaction centers or PSI/PSII per cell, or decoupling light energy from photosynthesis via a 
dispersive mechanism, such as the orange carotenoid protein (OCP) (Kirilovsky & Kerfeld, 2016). 
Microcystis spp. in Lake Neatahwanta preferentially used vertical migration rather than pigment 
modification to protect themselves from episodic high-light conditions. The reaction centers 
experience light stress on a timeframe of seconds to hours (Bryant, 1994). Chlorophyll-a 
concentrations per cell were relatively stable across depths and time, suggesting that there was no 
change in the number of PSI or PSII reaction centers. Phycocyanin per cell (~2 pg/cell) or per 
chlorophyll (~4 pg/cell) also remained stable, indicating that the size of the antenna complex did 
not change in response to light intensity. Most chlorophyll fluorescence is derived from PSII 
reaction centers, and migration of the PBS from PSII to PSI would have resulted in a decreased 
chlorophyll fluorescence per cell. This decreased fluorescence was not observed across the three 
different approaches utilized in this study to measure chlorophyll per cell (AOA, FluoroProbe, and 
extracted chlorophyll EPA method 445). These data support the conclusion that the primary 
mechanism the cells used to protect themselves from high-light stress was vertical migration to a 
more favorable light environment.  
Findings from this field experiment differ from results obtained in prior culture studies. 
Culture studies show a reduction in  the phycocyanin : chlorophyll ratio with greater light exposure, 
shrinking the antenna complex size, and decreasing the number of reaction centers (Raps et al., 
1983; Bryant, 1994; Herranen et al., 2005; Chapter 3, this thesis). These disparate results observed 
are likely due to experimental conditions and timing. Raps and colleagues (1983) grew their 
experimental cultures under steady state conditions in turbidostats and cells were cultured for at 
least 48 hr under continuous illumination, allowing the cells to adapt to the new light regime prior 
to being extracted. This provided sufficient time for changes in cellular biochemistry to occur. 
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Cells in a natural environment experience a rapidly changing light field over the course of the day 
(e.g. morning versus noon) and due to rapid wind-induced mixing from the surface to subsurface 
of the system. There was no evidence for biochemical adaptation of the pigment systems within 
that time frame, leaving vertical migration or energy dispersion via OCP or an energy dissipation 
pathway in the PBS as possible protective mechanisms.  
An orange carotenoid-like protein has been purified from Microcystis (Holt & Krogmann, 
1981) and most cyanobacteria with phycobilisomes contain the genes for synthesizing OCP 
(Kerfeld et al., 2017). OCP have been shown to attach to the phycobilisome in cyanobacteria and 
induce fluorescence and energy quenching (Kirilovsky, 2014). However, OCP fluorescence was 
not measured as part of these experiments, hence energy dispersal via the OCP under rapidly 
changing light conditions is unknown. 
Data from year-round sampling of Lake Neatahwanta indicated that the highest 
concentration of toxins was detected from June to November (Boyer, unpublished). Previous 
reports show the transcription of the microcystins non-ribosomal peptide synthetase/polyketide 
synthase mcyB and D genes increased under high light intensities in culture. These cells responded 
both to increased PAR irradiance (from 16 to 68 µmol quanta m-2 s-1) and a change in light quality 
(Kaebernick et al., 2000). There was no evidence that microcystins per cell was dependent on light 
intensity, depth, or time of day in Lake Neatahwanta. Previous culture studies (as cited in 
Kaebernick et al. 2000) have suggested that microcystins production in Microcystis was correlated 
to PAR light intensity greater than 40 µmol quanta m-2 s-1. We did not observe a similar change in 
situ toxin content per cell at light irradiances greater and lower than this threshold in the natural 
environment. The present study found no evidence for constitutive toxin production by 
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Microcystis, and thus as reported by others, lakes appear “less toxic” due to the migration of cells 
deeper into the water column rather than congregating at the surface (Kardinaal et al., 2007).  
 
4.6 Conclusions 
Lake Neatahwanta is a highly eutrophic freshwater system that dominated by the 
potentially toxic cyanobacteria Microcystis spp. Light did not have an effect of pigment or 
microcystins concentrations per cell over the course of the field study. This suggests that 
microcystins were not involved in regulation of the photosystem in Microcystis. Our data suggests 
that Microcystis spp. seem to use vertical migration to move away from a high-light environment 
during midday to minimize light stress. Examination of weather conditions showed that vertical 
migration in these shallow turbid systems was strongly dependent on wind speed. Therefore, lake 
conditions must be taken into account while sampling since taking a water sample midday under 
calm conditions could easily underestimate the total Microcystis population in Lake Neatahwanta 
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4.8 Supplemental Figures 
Supplemental Figure S4.1: Changes in dissolved chemical concentrations throughout 2016 in Lake 
Neatahwanta. The large circles indicate the day of the 24 h study at 1 m depth. a) chloride (Cl), b) 
nitrate/nitrite (NOx), c) total nitrogen (TN), d) total dissolved phosphorus (TDP), and e) total 
phosphorus (TP). All concentrations are in mg L-1. 
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Supplemental Figure S4.2: Changes in dissolved chemical concentrations throughout 2017 
in Lake Neatahwanta. The large circles indicate the day of the 24 h study at 1 m depth. a) 
chlorine (Cl), b) nitrate/nitrite (NOx), c) total nitrogen (TN), d) total dissolved phosphorus 




Supplemental Figure S4.3: Molar nitrogen to phosphorus (N:P) ratio throughout 2016 and 




 	  
Supplemental Figure S4.4: Downwelling attenuation coefficient for PAR the day in a) 2016 
(average Kd(PAR) = 3.989) and b) 2017 (average Kd(PAR) = 2.164). 
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Supplemental Figure S4.5: Comparison of two different chlorophyll measuring 
instruments (the AlgalOnlineAnalyser versus the FluoroProbe) for (a) total chlorophyll (r2 
= 0.900, n = 39, p < 0.001) and (b) PC-rich cyanobacteria-specific chlorophyll (r2 = 0.903, 






Supplemental Figure S4.6: Total microcystin concentration over the course of the season 
sampled at 1 m depth except on the day of the field experiment where microcystins were sampled 
for at all depths in a) 2016 and b) 2017 for Lake Neatahwanta. 
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Supplemental Figure S4.7: Microcystin congener percentages at each depth throughout the 
day in a) 2016 and b) 2017 for Lake Neatahwanta. Error bars represent the standard deviation 




Effect of hydrogen peroxide on the growth of chlorophytes and cyanophytes with 
implications for remediation of harmful algal blooms 
 
5.1 Abstract 
Application of hydrogen peroxide (H2O2) is increasingly being used to combat 
cyanobacterial harmful algal blooms (cHABs) caused by toxigenic cyanobacteria. H2O2 has been 
suggested to be a selective algaecide against cyanobacteria. Here, the effect of H2O2 on algal 
growth was tested on members from four genera of cyanobacteria, Anabaena, Dolichospermum, 
Trichormus, and Microcystis, and three genera of green algae, Chlorella, Chlamydomonas, and 
Auxenochlorella. Cultures were exposed to H2O2 between 0.3 and 10 mM. Changes in in vivo 
fluorescence, growth, and toxin production were measured over 5 days. Different species, even 
within the same genus, had different susceptibilities to the addition of H2O2. The IC50 for 
Microcystis aeruginosa was 0.2 ppm, approximately ten times higher than the IC50 for Microcystis 
wesenbergii (<0.02 ppm). In contrast to previous reports, freshwater cyanobacteria were not more 
sensitive to the addition of H2O2 than chlorophytes. BLASTp identified peroxidase and catalase 
enzymes in cyanobacteria that could breakdown H2O2 and be partly responsible for this varied 
resistance. The use of H2O2 to control cHABs should be carefully considered as a control 
                                                
2 For Submission as Derminio, D.S. and G.L. Boyer, (2020) Effect of hydrogen peroxide on the 
growth of chlorophytes and cyanophytes with implications for remediation of harmful algal 
blooms, Lake and Reservoir Management. 
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mechanism, since potentially harmful cyanobacteria species may not be selectively removed by 
this treatment. 
5.2 Introduction  
Cyanobacterial harmful algal blooms (cHABs) are becoming increasingly common 
worldwide. The occurrence of cHABs are a global dilemma that have important ramifications for 
water quality of freshwater lakes and reservoirs. These blooms affect public and ecosystem health, 
fisheries, and recreation (Anderson, 2009; Carmichael & Boyer, 2016). Different taxa produce 
toxic secondary metabolites, such as microcystins and anatoxins, and taste and odor compounds, 
such as geosmin, beta-cyclocitrol, and 2-methylisoborneol (Zhang et al., 2011; Olsen et al., 2016; 
Watson et al., 2016). More than 120 strains/species spread across 25 genera are known to produce 
toxic and noxious compounds (Komarek, 2008; Watson et al., 2016). This diversity of organisms 
make cHABs difficult to control using a single approach. 
Mechanical, biological, chemical, genetic, and environmental methods have all been 
proposed to mitigate cHABs (Anderson, 2009; Boesch et al., 1997; Drábková et al., 2006). 
Controlling nutrient concentrations is the best long-term remediation approach, but decreasing 
runoff, managing sedimentation, and preventing internal loading can be difficult. This has led to 
chemicals, flocculants, and biological methods that have been used against cHABs, but with 
limited success (Anderson, 2009; Boesch et al., 1997). Other approaches for remediation of cHABs 
have included the use of ultrasonication (Lürling et al., 2014), modified clays to bind phosphorous 
(Copetti et al., 2016), and algaecides or cyanocides (i.e., barley straw, hydrogen peroxide (H2O2), 
and copper sulfate) (Cornish et al., 2000; Iredale et al., 2012; Greenfield et al., 2014; Yu et al., 
2019). There are concerns that these biological and chemical methods could lead to harmful effects 
on other organisms in the ecosystem (Anderson, 2009; Lin et al., 2018).  
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The use of H2O2 has been proposed as a chemical method for specifically controlling 
cyanobacterial blooms without lasting harmful effects on the ecosystem (Obinger et al., 1999). 
Within the water column, H2O2 degrades naturally within minutes to hours to oxygen (O2) and 
water (H2O) (Schmidt et al., 2006; Weenink et al., 2015; Huo et al., 2015). As a byproduct of 
metabolism, higher plants and eukaryotic algae produce H2O2 that rapidly decomposes to H2O and 
O2 via biological, chemical, and photochemical mechanisms leaving few harmful byproducts 
(Apel & Hirt, 2004; Asada, 2006). H2O2 can form reactive oxygen species (ROS) that are strong 
oxidizers, which can disintegrate lipid membranes, disrupt cell proteins, and inhibit photosynthesis 
(Samuilov et al., 2001; Papadimitriou et al., 2016; J. Wang et al., 2018). During photosynthesis, 
oxygen acts as a substitute electron acceptor to form hydroxide radicals (OH•) (Mehler, 1951) or 
H2O2 formed through photosynthesis can split to form OH• (Schafer et al., 2000), chloroplasts 
(Walling, 1975; Drábková et al., 2007), DNA (Imlay & Linn, 1988), and lead to cell death (Ding 
et al., 2012). Biologically generated H2O2 is rapidly broken-down in cells via enzyme-mediated 
reactions, trace metal catalysts, and direct photochemical lysis (Drábková et al., 2006). Enzymes 
that break down H2O2 in higher level plants and algae include catalases, peroxidases, and 
peroxiredoxins (Tel-Or et al., 1986; Rhee et al., 2001; Mhamdi et al., 2010). The ROS superoxide 
anion (O-2) formed in photosystem I (PSI) in oxygenic photosynthetic organisms can be converted 
into H2O2 by the enzyme superoxide dismutase (Latifi et al., 2009). In contrast, cyanobacteria have 
a flavoprotein associated with PSI (Helman et al., 2003; 2005) that does not form OH• and H2O2 
during photosynthesis (Allahverdiyeva et al., 2013). As a consequence of these different pathways, 
endogenous levels of oxidative stress are proposed to be lower in cyanobacterial cells than in 
eukaryotic algae, and consequently the demand for ROS-eliminating enzymes is likely to be less 
in cyanobacteria than in eukaryotic algae under normal conditions (Passardi et al., 2007). Some 
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cyanobacterial species maybe incapable of inactivating H2O2 via traditional catalases or 
peroxidases (Asada, 1999; Noctor et al., 2000). This may render cyanobacteria more sensitive to 
exogenous application of H2O2 than green algae and diatoms (Samuilov et al., 1999; Ding et al., 
2012). Cyanobacteria may also be more sensitive than other phototrophs to H2O2 because of their 
unique cellular structure (Drábková et al., 2007). They lack membrane bound organelles and their 
photosynthetic thylakoid membranes are distributed throughout the cell. While some H2O2 is likely 
generated through non-photosynthetic processes, most H2O2 is formed within the thylakoid 
membrane in most cyanobacteria due to photosynthetic mechanisms (Mullineaux, 1999; 
Nakamura et al., 2003). Any H2O2 generated through photosynthesis would have broader access 
to cellular components. All these observations combined support the idea cyanobacteria may be 
more sensitive to H2O2, and that as a result, application of H2O2 could be a selective algaecide for 
cyanobacteria and provide a targeted approach for controlling cyanobacterial blooms.  
cHABs are often associated with production of the hepatotoxin microcystins. Microcystins 
are sensitive to UV-catalyzed degradation in the presence of low concentration of H2O2 (He et al., 
2012). However, the relationship between the addition of H2O2 to suppress a natural bloom and 
resulting concentration of microcystins can be complicated. In one study, the concentration of 
microcystins in a water bloom decreased for a few weeks after the application of H2O2 (Barrington 
et al., 2013). The intracellular microcystins concentration was reduced due to lysis of the 
cyanobacterial cells, which in turn led to an increase in the extracellular microcystins concentration 
(Huo et al., 2015). This increase in extracellular microcystins was observed only for the first few 
days after addition of H2O2, then the extracellular microcystin concentration started to decrease. 
The reason for this disappearance was unclear, but the H2O2 added to the water column had 
probably degraded by that time, so the loss of extracellular microcystins was unlikely to be from 
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the H2O2 itself and more likely to be due to degradation by bacterial activity or UV radiation, or 
microcystins adsorption to humic materials or other particles in the water (Tsuji et al., 1994; 
Harada & Tsuji, 1998).  
Previous studies on the application of H2O2 as a selective cyanocide for cyanobacteria 
examined a limited number of species (Samuilov et al., 1999; Randhawa et al., 2012; Ding et al., 
2012; Huo et al., 2015; Weenink et al., 2015; Yang et al., 2018). Secondary product formation and 
photosynthetic machinery in cyanobacteria is highly variable. This variability could lead to a 
highly variable capacity for both the production and degradation of H2O2. Here, we examined the 
effect of H2O2 on the growth of seven strains of cyanobacteria in comparison to three strains of 
green algae to determine if H2O2 was selectively detrimental to cyanobacterial growth, but not the 
growth of green algae.  
 
5.3 Methods 
5.3.1 Determination of hydrogen peroxide stability in vitro 
The initial concentration in 30% commercial H2O2 (Fisher Science S25360) was 
determined by titration with 0.025 mM KMnO4 acidified with H2SO4 (Schulze & Simon, 1989). 
To determine the stability of H2O2 in different media, H2O2 (0.1 mM final concentration) was 
added to deionized water, Z8 medium, Z8 medium plus Microcystis aeruginosa, natural unfiltered 
lake water collected from a eutrophic lake (Lake Neatahwanta, Fulton, NY, USA), and Lake 
Neatahwanta water samples that were filtered through 1.2 µm nominal pore size, 90 mm diameter 
fiber membranes (Whatman 1822-090, GF/C, GE Healthcare, Chalfont St Giles, UK). Samples 
were kept at 24 °C in 12:12 light:dark cycle at a light intensity of 20 µmol quanta m-2 s-1 and 
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titrated after 0, 1, 4, 24, 48, and 72 h of incubation. The half-lives were calculated using t1/2 = ln 
(2) / lambda.  
5.3.2 Cultures and culture conditions 
Ten different algal species were examined in this study, including seven species of 
cyanobacteria (Anabaena cylindrica (UTEX1444), Dolichospermum flos-aquae (UTEXLB2557), 
Dolichospermum lemmermannii (AL02), Trichormus variabilis (UTEXB377), Microcystis 
aeruginosa (LE3), Microcystis botrys (NIVA 357), and Microcystis wesenbergii (LE13-01)) and 
three species of chlorophytes (Chlamydomonas reinhardtii (PT2012-74), Auxenochlorella 
protothecoides (UTEX256), and Chlorella vulgaris (Carolina 152075)). All cultures were xenic 
and maintained in autoclaved Z8 media (Scandinavian Culture Collection for AlgaeProtozoa). 
Phytoplankton batch cultures were initially grown in 2 L cultures at 24 °C in 12:12 
light:dark cycle at a light intensity of 20 µmol quanta m-2 s-1. After a week, cultures were 
transferred to twenty-one replicate 50 mL cultures in Kimex™ glass vials and allowed to acclimate 
for three days. Samples were mixed daily by hand to prevent settling. 
 
5.3.3 Impact of hydrogen peroxide on cell growth 
The initial 30% H2O2 solution (Fisher Scientific, USA) was diluted in deionized H2O to 
give a final concentration of 0.3, 1.0, 3.0, and 10.0 mM. The negative control contained no 
exogenously added H2O2. The positive control contained 2.5 mM CuSO4 (Fisher Scientific). All 
treatments were run in triplicate. 
The in vivo chlorophyll fluorescence was measured daily using a Turner Designs TD-700 
Fluorometer (Sunnyvale, CA, USA) equipped with an in vivo chlorophyll a (chl-a) filter set 
(excitation 340–500 nm; emission > 665 nm, daylight white lamp). The fluorometer was calibrated 
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between 0-200 mg chl-a L-1 using an exponential culture of Chlorella vulgaris whose chlorophyll 
concentration was determined after extraction in 90% acetone (Strickland & Parsons, 1968). Cell 
counts were done at each sampling period using a Zeiss Telaval 31 inverted microscope at 400 x 
(Lund et al., 1958) in 96-well settling chambers. 
 
5.3.4 BLASTp and MEGA7 genetic analysis 
The genomes for the 10 species were retrieved from the protein database BLASTp, which 
contained information on revenant enzymes in the ten taxa and related species for the presence of 
catalase (catalase, mono-functional heme catalase, catalase-peroxidase, and manganese catalase) 
and peroxidase (chloroperoxidase, cytochrome peroxidase, diheme peroxidase, vanadium-
dependent bromoperoxidase, peroxiredoxin, thiol peroxidase, glutathione peroxidase, alkyl 
hydroperoxidase, and dockerin) (Appendix 5.1) (Bernroitner et al., 2009). Known proteins and 
their sequences were identified by using UniProtKB. BLASTp suite (blast.ncbi.nlm.nih.gov) was 
used to estimate the similarity of these sequences to common catalase and peroxidase sequences 
(Supplemental Table S5.1). E-values less than 1x 10-5 were considered a match, with a lower E-
value considered a more positive match (Schäffer et al., 2001).  
 
5.3.5 Toxin analysis 
After 3 days, one randomly selected 10 mL sample from each cyanobacterial culture per 
H2O2 treatment was filtered onto 47 mm Whatman Nuclepore glass fiber filters (1 µm nominal 
pore size, GE Healthcare in London) and extracted in 5 mL of 50% methanol containing 1% acetic 
acid using ultrasound (Boyer, 2007). Samples were centrifuged at 14,000 x g for 10 min at 4 °C, 
and the resulting supernatant filtered through a 0.45 µm nylon syringe filter (Corning CLS431225, 
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Corning, NY, USA). Samples were stored at -20 °C until liquid chromatography-mass 
spectrometry (LCMS) analysis.  
Microcystins concentrations were measured by Reverse-phase liquid chromatography 
using a Waters 2695 (Waters Corporation, Milford, MA, USA) solvent delivery system coupled 
to a Waters ZQ4000 mass spectrometer (m/z 500-1250 amu) (Waters Corporation, Milford, MA, 
USA) and a 2996 photodiode array detector (210 to 400 nm wavelength) 2996 photodiode array 
detector (210 to 400 nm wavelength). This method measured molecular ions of 22 common 
microcystin congeners (RR, dRR, mRR, H4YR, hYR, YR, LR, HilR, zLR, [Dha7]LR, meLR, AR, 
FR, WR, LA, dLA, mLA, LL, LY, LW, LF, WR). Separation conditions used an ACE 5 C18, 150 
x 3.0 mm column (Mac Mod Analytical, part number ACE1211503, Chadds Ford, PA, USA) and 
a gradient of 0.02% TFA and acetonitrile containing 0.02% TFA in water at a flow rate of 0.5 mL 
min-1. Microcystins were identified based on characteristic molecular weight between 900 and 
1150 amu, their diagnostic Adda UV spectrum, and correct retention time as determined using 
standards (Peng et al., 2018; Boyer, 2020). Individual concentration of congeners was quantified 
using the peak area of the extracted ion relative to standards of microcystin-LR or microcystin-RR 
(Enzo Life Sciences, Farmingdale, NY, USA). This allowed quantification of congeners where 
standards are not available. Detection of congeners was validated by co-occurring presence of the 
diagnostic UV signature from the ADDA group. The method detection limit for each individual 
microcystin was < 0.05 µg L-1. 
 
5.3.6 Statistical analysis 
The IC50 was determined using Probit analysis in Microsoft Excel for Mac (version 15.33), 
and using the biomass as estimated from chl-a. Growth rates were calculated from in vivo 
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chlorophyll fluorescence at days 1, 3, and 5 using equation 5.1, where µ is the specific growth rate, 
and N1 and N2 are the chlorophyll fluorescence at time 1 (t1) and time 2 (t2), respectively. 
Differences in growth inhibition among members of different algal taxa were compared using a 
Student T-test in GraphPad Prism. 
 
Equation 5.1:  µ = (lnN2-lnN1)/(t2 − t1) 
 
5.4 Results 
5.4.1 Stability of hydrogen peroxide in water 
The stability of H2O2 in the different matrices used in these experiments is shown in Table 
5.1. All five matrices tested showed an initial drop of 15-23% in the first hour due to a raid release 
of oxygen, followed by a minimal decrease of H2O2 over the next three days (Supplemental Figure 
S5.1). High levels of H2O2 (> 50% of added) remained even after incubation for three days in all 
samples including unfiltered lake water. All matrices were negative for H2O2 prior to pre-
treatment. There was no significant difference between matrices after 48 hours (F (4, 1) = 7.192, 




Table 5.1: Half-life of hydrogen peroxide in low light in different matrices. The initial drop was 
the percent drop of H2O2 in the first hour.  
Matrix Initial Drop (%) Half Life (hr) 
Deionized water 14.2 277.26 ± 37.20 
Z8 medium 15.9 94.95 ± 323.46 
Z8 medium + Microcystis aeruginosa 16.8 990.21 ± 93.30 
Filtered lake water 17.5 770.16 ± 41.11 




5.4.2 Effects of hydrogen peroxide on chlorophyte and cyanobacterial growth 
The growth of all species was inhibited to varying degrees by addition of H2O2. IC50 values 
for day 3 and 5 are given in Table 5.2. The inhibition of growth was time and concentration-
dependent. The same amount of inhibition could be achieved by exposing cells to a higher 
concentration of H2O2, or to a lower concentration for a longer period of time. Visual examination 
of cyanobacterial and chlorophyta cells showed decreased pigmentation where cells began to turn 
yellow at higher H2O2 concentrations. In vivo fluorescence was still measurable in all cultures even 
after a 5-day exposure to H2O2, indicating that some cells contained chl-a at the end of the 
treatment period.  
Average 5-day IC50 for chlorophytes (0.191 ± 0.021 ppm or 0.006 ± 0.001 mM) and 
cyanobacteria (0.353 ± 0.067 ppm or 0.010 ± 0.002 mM) at the end of the 5-day treatment window 
were not statistically different when grouped by phyla (t (54) = 1.831, p = 0.073) (Figure 5.1). 
There was a large variation in the IC50 between species for the filamentous cyanobacteria, coccoid 
cyanobacteria, and chlorophytes (Figure 5.2). Using a one-way ANOVA, there was a statistically 
significant difference between the strains within the filamentous cyanobacteria (F (3, 8) = 23.34, 
p < 0.001) and chlorophytes (F (2, 5) = 1933, p < 0.001). Multiple comparisons tests revealed that 
the IC50 value was significantly higher for Anabaena cylindrica compared to the other three strains 
of filamentous cyanobacteria: A. cylindrica and D. lemmermannii (A-B, p = 0.004), A. cylindrica 
and T. variabilis (A-C, p < 0.001), and A. cylindrica and D. flos aquae (A-D, p < 0.001). There 
were no differences between the other strains. Multiple comparisons tests also revealed that the 
IC50 value was significantly higher for Chlorella vulgaris compared to the other two strains of 
chlorophytes: C. vulgaris and A. protothecoides (E-F, p < 0.001) and C. vulgaris and C. reinhardtii 
(E-G, p < 0.001). There were no differences between Auxenochlorella and Chlamydomonas. There 
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were no significant differences between any of the Microcystis strains (F (2, 5) = 1.292, p = 0.353). 
Error bars indicate one standard deviation.  
D. flos-aquae, T. variabilis, and C. reinhardtii were most susceptible to additions of H2O2 
with a 5-day IC50 less than 0.02 mM. In contrast, A. cylindrica and D. lemmermannii were the 
most resistant to the addition of H2O2 with a 5-day IC50 greater than 0.5 mM. Microcystis spp. and 
C. vulgaris fell between these extremes. The negative growth curves for filamentous 
cyanobacteria, coccoid cyanobacteria, and chlorophytes are shown in Supplemental Figures S5.2, 




Table 5.2: Concentration of hydrogen peroxide (mM) that resulted in a 50% of the maximum 
biomass IC50 as determined by the control after 3 d and 5 d using chlorophyll a fluorescence. 
Species IC50 Day 3 IC50 Day 5 
Anabaena cylindrica 3.71 ± 0.74 1.85 ± 0.56 
Dolichospermum flos aquae 0.12 ± 0.08 0.00 ± 0.00 
Dolichospermum lemmermannii 1.22 ± 0.03 0.56 ± 0.27 
Trichormus variabilis 0.00 ± 0.00 0.02 ± 0.03 
Microcystis aeruginosa 1.01 ± 0.40 0.26 ± 0.16 
Microcystis botrys 0.50 ±0.22 0.18 ± 0.12 
Microcystis wesenbergii 0.12 ± 0.09 0.07 ± 0.05 
Auxenochlorella protothecoides 0.16 ± 0.10 0.01 ± 0.00 
Chlamydomonas reinhardtii 0.46 ± 0.15 0.00 ± 0.00 




Figure 5.1: Box and whisker plot of the IC50 day 5 values for hydrogen peroxide on the growth 
of chlorophytes and cyanobacteria. Box includes the median, second, and third quartile. 
Whiskers represent 95 percentile. 
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Figure 5.2: IC50 for Day 5 for a) filamentous cyanobacteria, b) coccoid cyanobacteria, and c) 
chlorophytes. Determined by a one-way ANOVA, there was a statistically significant 
difference between the strains within the filamentous cyanobacteria (F (3, 8) = 23.34, p < 
0.001) and chlorophytes (F (2, 5) = 1933, p < 0.001). Multiple comparisons tests revealed that 
the IC50 value was significantly higher for Anabaena cylindrica compared to the other three 
strains of filamentous cyanobacteria: A-B (p = 0.004), A-C (p < 0.001), and A-D (p < 0.001). 
Multiple comparisons tests also revealed that the IC50 value was significantly higher for 
Chlorella vulgaris compared to the other two strains of chlorophytes: E-F (p < 0.001) and E-
G (p < 0.001). Error bars indicate one standard deviation.  
 193 
5.4.3. Effect of hydrogen peroxide on microcystin 
Concentrations of H2O2 above the IC50 decreased the amount of toxin per liter, reflecting 
the lack of cell growth at these concentrations (Figure 5.3). Addition of H2O2 to a high-producing 
toxin strain (Microcystis aeruginosa) and a low-producing toxin strain (Microcystis botrys) did 
not change the amount of toxin per cell (Figure 5.4).  
 
5.4.4 Identification of catalase and peroxidase genes 
Supplemental Table S5.2 identifies four different categories of protein sequences for each 
species in this study: no sequences found (-), E values < 1 x 10-5 (+), E values > 1 x 10-5, and < 1 x 
10-20 (*), and E values > 1 x 10-20 (**). The protein sequences and their origin used for these searches 
are given Supplemental Table S5.1. BLASTp located 38 catalase and peroxidase genes in its 
database that occur in members of the cyanobacteria and green algal taxa used in this study. 
Chlorophytes had more catalase and peroxide genes than cyanobacteria; however, every 
cyanobacteria strain had at least one catalase or peroxidase protein sequence. There was no 
correlation (r2 = 0.0149, n = 10, p = 0.737) between the number of genes found via BLASTp and 
the resulting IC50 of the species when exposed to hydrogen peroxide. 
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Figure 5.3: Particulate microcystins concentration (n = 1) after 3 days after the addition of four 
different concentrations of H2O2 for a) Microcystis aeruginosa (LE3) and b) Microcystis botrys 




Figure 5.4: Microcystins toxin concentration per cell measured during the exponential growth phase 
3 days after exposure to four different concentrations of H2O2 for a) Microcystis aeruginosa (LE) and 
b) Microcystis botrys (NIVA 357). 
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5.5 Discussion  
Hydrogen peroxide is a common a strategy to protect freshwater systems from 
cyanobacteria. For H2O2 to be an effective and selective treatment method of cHABs, several 
conditions are important. (1) Hydrogen peroxide must remain in the water column for a sufficient 
time to inhibit cyanobacterial growth before being broken down into water and oxygen. (2) 
Cyanobacteria should be more sensitive to H2O2 than other organisms. Ideally, the H2O2 
concentration used would kill the cyanobacteria so they could not regrow after the exogenous 
peroxide had degraded. (3) Cell death should be associated with cell lysis, so as an added benefit, 
H2O2 could facilitate the degradation of extracellular microcystins.  
This study examined each of these three conditions. It was important to examine if different 
matrices caused H2O2 to decrease at faster rates. If H2O2 degraded too quickly within a matrix, the 
cyanobacteria would not be exposed to H2O2 for sufficient time to inhibit cell growth. Although 
there was an initial drop in H2O2 when added to each of the matrices, as has been observed in 
natural waters (Weenink et al., 2015), H2O2 did not decrease quickly throughout the experiment 
so as to be deemed inefficient. Similar to what was reported here, Huo et al. found that it took 
several days for H2O2 to degrade in culture media (Huo et al., 2015). Even unfiltered lake water, 
where there might be enhanced degradation from bacterial activity or loss to humic substances in 
these systems (Schmidt et al., 2006), showed sufficient residual concentrations several days after 
addition. This would provide sufficient time for the cyanobacteria to be exposed to H2O2 and for 
it to act as a cyanocide.  
A comparison of the responses of cyanobacteria and chlorophytes to the addition of H2O2 
did not show cyanobacteria as a class were more susceptible than chlorophytes after three days of 
exposure. This contradicted previous studies that cyanobacteria were more sensitive than 
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chlorophytes to H2O2 (Drábková et al., 2006; Barrington & Ghadouani, 2008; Weenink et al., 
2015). Exposure times in these previous studies ranged from 3 hours (Drábková et al., 2006; 2007) 
to 49 days (Weenink et al., 2015). In contrast, two other studies showed the addition of H2O2 did 
not decrease the cyanobacterial abundance (Greenfield et al., 2014; Papadimitriou et al., 2016). A 
separate study showed that cyanobacteria, chlorophytes, and diatoms all decreased with the 
addition of H2O2 (Barrington & Ghadouani, 2008). Likely reasons for different outcomes among 
these studies include the use of different algal strains and different response variables (growth rate 
versus biomass) to assess toxicity. Application times less than a couple days may not be sufficient 
to determine how a species might respond to various concentrations of H2O2.  
It is important to look at multiple genera and phyla of algae when trying to assess the effects 
of H2O2 in laboratory cultures and/or in-lake species (Supplemental Table S5.3). The pattern of 
susceptibly was highly variable, even with individual strains within a single genus. Four of the 
species included in this study: D. flos-aquae, T. variabilis, M. aeruginosa, and C. reinhardtii, had 
been previously examined in other studies (Supplemental Figure S5.5). Similar to what has been 
observed before (Samuilov et al., 1999; Drábková et al., 2006; 2007; Lürling et al., 2014; Chang 
et al., 2018; Yang et al., 2018), addition of the lowest concentration of H2O2 caused all four species 
to have negative growth rates. Three strains in our study, two cyanobacteria and one chlorophyte, 
were not used in previous studies: A. cylindrica, D. lemmermannii, and C. vulgaris. These strains 
were the most resistant to H2O2, requiring a minimum of 1.0 mM H2O2 to inhibit their growth. 
This concentration was over three times higher than the concentration needed to inhibit other 
phytoplankton in previous studies (Samuilov et al., 1999; Drábková et al., 2006; 2007; Barrington 
& Ghadouani, 2008; Lürling et al., 2014; Weenink et al., 2015; Chang et al., 2018; Yang et al., 
2018). Inclusion of these strains in the average IC50 for chlorophyta and cyanobacteria markedly 
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increased the range of IC50 values for each group, making broad comparisons uninformative. This 
high variability in susceptibility to H2O2 was observed even when comparing genera within the 
same phyla (e.g., Trichormus compared to Dolichospermum). In other studies, Planktothrix was 
very sensitive to exogenous H2O2 with decreased growth at low concentrations, whereas 
Microcystis was 5 times less susceptible that Planktothrix (Yang et al., 2018). Here, we observed 
that species within the same genus of Microcystis, had highly varying susceptibility to H2O2, 
spanning the range observed in Yang et al. This is not surprising based data showing that different 
strains of the same species can respond differently to ROS stressors (Chapter 3, this dissertation). 
This variation makes broad conclusions on the sensitivity of a given species of cyanobacteria 
difficult.  
Another way to examine the effectiveness of H2O2 was to examine how quickly different 
strains rebounded. Chlorophytes and diatoms were found to rebound more quickly than 
cyanobacteria (Weenink et al., 2015). However, at lower concentrations of H2O2, all cells begin to 
regrow after sufficient time y (Randhawa et al., 2012). Here, we observed that only A. cylindrica 
and D. lemmermannii cultures started to regrow within the 5-day observation period. None of our 
chlorophytes species started to regrow, raising the concern that H2O2 addition could promote a 
cyanobacterial-dominated water column by giving them quicker access to nutrients and light in 
water columns. 
There was no evidence that the addition of H2O2 at the oncentrations used here were high 
enough to facilitate the degradation of the microcystins. There was also no indication of a decrease 
in intracellular microcystins in the two toxic strains of Microcystis suggesting cell lysis or 
leakiness. The two non-toxic species used here (i.e. M. wesenbergii and T. variabilis) were more 
susceptible to H2O2 treatments than the toxic species (i.e. M. aeruginosa and M. botrys). It is 
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unknown if this is due to toxin production being protective against ROS species (Zilliges et al., 
2011) or simply and artifact of our strain selection. However, it does raise the concern of 
inadvertently selecting for a more toxic bloom by addition of hydrogen peroxide (Samuilov et al., 
1999; Gladkikh et al., 2008). Other studies have examined the loss of microcystins in the dissolved 
phase (Greenfield et al., 2014; Papadimitriou et al., 2016). Our study only measured intracellular 
toxins due to limitation in the sensitivity of our analytical techniques. These intracellular toxins 
might be protected from exposure to H2O2 via cellular antioxidant systems.  
Cyanobacteria are known to be highly diverse in secondary metabolite production and 
cellular biochemistry. It is unknown why there is such a varied response to H2O2, but one 
explanation likely involved cellular enzymes. Peroxidase and catalase enzymes are present in all 
known kingdoms and protect cells against ROS (Cui et al., 2012; Rhee et al., 2001; Kang et al., 
1998). M. aeruginosa, Synechocystis sp., Nostoc punctiforme, and A. variabilis use catalase-
peroxidases or Mn-catalases to breakdown H2O2 within the cells (Zamocky et al., 2008; 
Bernroitner et al., 2009; Hudek et al., 2017; Obinger et al., 2016). M. aeruginosa has numerous 
catalase-peroxidases, whereas other species, like Synechocystis sp. (Tichy & Vermaas, 1999) and 
D. lemmermannii, may only have one or two potential genes. The number of genes present did not 
indicate how well different species survived the addition of H2O2. Hence proteomic approaches 
identifying the number of peroxidase or catalase protein sequences in a species may not be an ideal 
way to show if a species will survive exposure to H2O2. Protection against H2O2 can also involve 
mechanisms outside of the traditional catalase/peroxidase genes. Addition of a P450 suicide 
inhibitor to M. aeruginosa exposed to H2O2 decreased growth and increased ROS levels. This lead 
to decreased photosynthetic efficiency and decreased microcystin production. These results 
indicate that cytochromes P450-type enzymes may also help with the removal of H2O2 (Wang et 
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al., 2018). 
The results presented here confirm observations by others that there is considerable 
variation in how a given alga or cyanobacterium responds to the addition of exogenous H2O2. Lake 
managers need to carefully consider the unintended consequences of using H2O2 to control cHABs. 
Potentially toxic species within an ecosystem could be more resistant to exogenous H2O2 than 
other less toxic or beneficial species. In these cases, H2O2 might increase the potential human 
health risk from a cHAB by inadvertently selecting for the toxic species. It is important to know 
what species are in the water system and how those species will react with H2O2 before using it as 
a remediation method. 
 
5.6 Conclusions  
Using H2O2 is not just a cyanocide since it decreases both cyanobacterial and chlorophyte 
growth. Although some cyanobacterial species are extremely sensitive to H2O2, the toxic species 
within the Microcystis genus were less susceptible to H2O2 than the non-toxic species. The use of 
H2O2 to control cHABs should be carefully considered as a control mechanism, since H2O2 is not 
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5.8 Supplemental Figures  
  
Supplemental Table S5.1: Protein sequences used during pBLAST to identify protein matches in 
Anabaena cylindrica (UTEX1444), Dolichospermum flos-aquae (UTEXLB2557), 
Dolichospermum lemmermannii (AL02), Trichormus variabilis (UTEXB377), Microcystis 
aeruginosa (LE3), Microcystis botrys (NIVA 357), Microcystis wesenbergii (LE13-01), 
Chlamydomonas reinhardtii (PT2012-74), Auxenochlorella protothecoides (UTEX256), or 










Supplemental Figure S5.1: The stability of 0.1 mM H2O2 in deionized water, Z8 medium, Z8 
medium plus Microcystis aeruginosa, natural unfiltered lake water over 50 hr. Singlet samples were 
kept at 24 °C in 12:12 light:dark cycle at a light intensity of 20 µmol quanta m-2 s-1 and titrated after 
0, 1, 4, 24, and 48 h of incubation. All matrices were negative for H2O2 prior to pre-treatment. There 
was no significant difference between matrices after 48 hours using multiple regressions (F (4, 1) = 









Supplemental Figure S5.2: Growth curves of filamentous cyanobacteria: a) Anabaena cylindrica, 
b) Dolichospermum flos-aquae, c) Dolichospermum lemmermannii, and d) Trichormus variabilis. 





Supplemental Figure S5.3: Growth curves of coccoid cyanobacteria. a) Microcystis aeruginosa, 
b) Microcystis botrys, and c) Microcystis wesenbergii. Error bars denote ±1 s.d. All cultures were 
normalized to their starting time (t = 0) fluorescence. 
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Supplemental Figure S5.4: Growth curves of chlorophytes. a) Chlorella vulgaris, b) 
Auxenochlorella protothecoides, and c) Chlamydomonas reinhardtii. Error bars denote ± 1 






Supplemental Table S5.2: Presence/absence analysis of catalase and peroxidase protein 
sequences in strains used in this study. The four different categories that the protein sequence 
could fall under where no sequences found (-), E values < 1x 10-5 (+), E values between 1x 10-5 




Supplemental Table S5.3: The concentration of hydrogen peroxide leading to a negative growth 
rate for heterokonts, chlorophytes, and cyanobacteria.  
Phyla Species [H2O2] growth 
inhibition (mM) 
References 
Heterokonts Aureococcus anophagefferens 0.023 (Randhawa et al., 2012) 
 Navicula seminulum 0.073 (Drábková et al., 2007) 
 Navicula seminulum 0.174 (Drábková et al., 2006) 
Chlorophytes Chlamydomonas reinhardtii 0.290 (Drábková et al., 2007) 
 Pseudokirchneriella subcapitata 0.073 (Drábková et al., 2007) 
 Scenedesmus quadricauda 0.073 (Drábková et al., 2007) 
 Pseudokirchneriella subcapitata  0.174 (Drábková et al., 2006) 
Cyanobacteria Anabaena nidulans 0.010 (Samuilov et al., 1999) 
 Aphanethece clathrata 0.073 (Drábková et al., 2007) 
 Cyanobium gracile 0.073 (Drábková et al., 2007) 
 Cylindrospermopsis raciborskii 0.009 (Yang et al., 2018) 
 Dolichospermum flos-aquae 0.026 (Yang et al., 2018) 
 Microcystis aeruginosa 0.116 (Lürling et al., 2014) 
 Microcystis aeruginosa 0.015 (Drábková et al., 2007) 
 Microcystis aeruginosa 0.017 (Drábková et al., 2006) 
 Microcystis aeruginosa 0.026 (Yang et al., 2018) 
 Microcystis aeruginosa 0.073 (Chang et al., 2018) 
 Planktothrix agardhii 0.026 (Yang et al., 2018) 
 Synechococcus nidulans 0.073 (Drábková et al., 2007) 
 Trichormus variabilis 0.015 (Drábková et al., 2007) 







Supplemental Figure S5.5: Concentration of hydrogen peroxide causing inhibition of growth to 
various species in previous studies. The dashed line (----) signifies the concentration for inhibition 
of all species in this study except Anabaena cylindrica, Dolichospermum lemmermannii, and 
Chlorella vulgaris. These three strains required approximately 3 times more hydrogen peroxide 
than the other strains previously tested. NCAM, National Centre for Marine Phytoplankton; 




Cyanobacterial harmful algal blooms (cHABs) are a problem worldwide. One of the 
outstanding questions in the cHAB field is why do cyanobacteria produce toxins? Determining the 
regulation mechanisms of cyanobacteria, e.g. Microcystis, can increase our understanding of why 
blooms form, as well as why toxins like microcystins are produced. Some hypotheses behind “Why 
create microcystins?” include nitrogen assimilation, allelopathy, quorum sensing, and light 
assimilation. These different possibilities are not mutually exclusive; for example, a quorum 
sensing compound could regulate the gene expression for light regulation or nitrogen assimilation. 
Any function must explain why only some species produce a toxin and others do not, especially 
because not all strains within a bloom produce cyanotoxins (Rinta-Kanto & Wilhelm, 2006).  
 
6.1 Why make microcystins?  
Prior research has not elucidated why Microcystis makes the toxic secondary metabolite 
microcystins; however, it suggests that microcystins can play many different roles including 
functioning as a grazing deterrent (Lürling, 2003), a signaling compound (Schatz et al., 2007), 
allelochemical (Vardi et al., 2002), or as a protein regulator (Zilliges et al., 2011). Microcystins 
were also suggested to potentially be a global regulator of the cell (Wilhelm & Boyer, 2011). 
Although microcystins have been studied for decades, it is unknown what environmental 
conditions control the production of microcystins. The environmental variable examined here was 
light. We hypothesized a decreased size of the light absorbing antenna complex within the PBS 
was due to phosphorylation of individual subunits (phycocyanin) on the PBS antenna complex. 
Microcystins are protein phosphatase inhibitors. It was hypothesized that under increasing light 
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irradiation, more microcystins would be produced to inhibit dephosphorylation of the 
phycocyanin. Leaving the phosphate on the PC molecule would prevent its addition to the antenna 
complex so that those subunits would not be utilized for light gathering.  
 
6.2 What are the interactions of light and microcystins? 
We focused on whether the concentration of microcystins changed under various light 
irradiances. A combination of in situ and culture experiments were used to examine how changing 
light irradiances impacted the production of microcystins. Although cyanobacteria have a faster 
growth cycle under light-dark cycles (Post et al., 1985), continuous light was used for consistency 
where the light harvesting complex (LHC) could not revert back to a dark state. Various 
biomarkers were examined including changes in concentration of phycocyanin and chlorophyll, 
changes in the concentration and production of microcystins, and changes to photosynthetic 
parameters such as photosynthetic yield. These biomarkers were used to determine the health of 
the cell, as well as the stress that these organisms experienced.  
Phycobilisomes respond to changing light conditions. Under “high” light conditions, there 
was a decrease in the PBS units per cell to protect the cell from photoinhibition due to 
overexcitation of the photosystems (Raps et al., 1983; 1985). The photosystem had fewer 
phycocyanin subunits per cell under high light, which was observed over the course of days in 
culture experiments (Chapter 3, this dissertation), but not during the timespan of in situ diurnal 
experiments (Chapter 4, this dissertation). We determined Microcystis spp. has more than one way 
to alleviate high light stress: vertical migration to move deeper in the water column away from 
higher light irradiations (short-term) and modifying the photosystem by reducing the number of 
photosystems per cell (long term). This observation is important because changes to the 
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photosystem occurred not over the course of hours, but over the course of days.  
Biochemical and ecological changes were observed in response to increased light, but 
constant changes in content of microcystins were not concurrent. Our simple hypothesis that 
microcystins blocked dephosphorylation of PC antenna complex under high light leading to a 
smaller antenna complex was not supported by the data. Quite the opposite, LE3 contained more 
microcystins per cell under low light conditions. Thus, microcystins did not directly lead to the 
shortening of the PBS antenna complex in the Microcystis photosystem. We are exploring an 
alternative hypothesis where microcystins may regulate the movement of the PBS complex 
between PSI and PSII of Microcystis aeruginosa. This work adds to the growing body of 
knowledge relating microcystins to light by showing that microcystins do not control the 
photosystem response to high light by preventing expansion of the PC antenna complex. 
Similar to previous findings (Utkilen & Gjølme, 1992), but opposite to our original 
hypothesis, the highest concentration of microcystins per cell was observed at low light levels for 
Microcystis aeruginosa. This was not observed in all toxic Microcystis spp. in culture or in situ, 
indicating that culture experiments with one or two selected species do not necessarily replicate 
natural conditions. Just as we did not observe higher toxin per cell, other research has shown there 
was no upregulation in the microcystin operon transcripts at our low light level (Kaebernick et al., 
2000). Upregulation of transcripts was observed at an intermediate but higher light level not used 
in this study. This sensitivity to small changes in light intensity may explain the observed 
differences in microcystins production by different strains. Certain strains of toxic Microcystis 
aeruginosa could self-regulating their gene biosynthesis at different light levels and microcystins 
could be signaling or quorum-sensing molecules for different strains. Protein phosphorylation and 
dephosphorylation may still be an important factor in photosystem regulation, but under low light 
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conditions not high light conditions. Future work to elucidate this variation in microcystin between 
toxic strains should use molecular techniques to examine the microcystin operon transcripts and 
measure the changes in the concentration of microcystins under low light levels at narrower light 
irradiance intervals.  
Phosphorylation has been suggested as a proposed mechanism for the modification of the 
cyanobacteria photosystem (Bruce et al., 1989). Apropos to this study, changes in phosphorylated 
serine and threonine residues in a number of microbial proteins were detected under different light 
conditions (Warner & Bullerjahn, 1994). A better understanding of how light irradiation effects 
the transcription of the microcystin operon could elucidate the factors that controls gene expression 
in Microcystis. In the microcystin operon of PCC 7806, the mcyB peptide synthetase gene 
transcribes in the forward direction, whereas the mcyD polyketide synthase transcribes in the 
reverse direction. Both are upregulated under low-medium light conditions later in the cell growth 
phase (Kaebernick et al., 2000). The production of microcystins is highest under a lower light 
levels (Utkilen & Gjølme, 1992), conditions similar to what would be observed at approximately 
1 m depth during bloom conditions (Walsh et al., 1997; Chapter 4, this dissertation). Microcystis 
aeruginosa has known protein phosphatase genes (Kinoshita et al., 2006); if these genes are 
knocked out, it could determine if microcystins are playing a role in the control of protein 
phosphorylation. Such knockout mutations of serine/threonine protein phosphatases has been 
completed in several genera of cyanobacteria, but not Microcystis (Zhang et al., 2007). By 
examining how Microcystis spp. reacts to reactive oxygen species generated through excess light, 
to changing light conditions when they lack these protein phosphatases may help our 
understanding of the role phosphorylation plays in regulation of these processes, and in turn if 
there is a function for microcystins in this role.  
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Our results indicate the we require a significant modification to our proposed model. We 
expected under high light, more microcystins would be produced to block the dephosphorylation 
of the phycobiliprotein pigments. This would leave them in the phosphorylated form, which would 
prevent their participation in the PBS antenna complex. When Microcystis is under high light 
intensities, the saturation of the photosystem due to having too large of an antenna system would 
increase its susceptibility of photoinhibition (Walsh et al., 1997). We focused on the role 
microcystins may have in regulating antenna size. However, microcystins could also regulate the 
dephosphorylation of the linker proteins under higher light conditions. This shortening the antenna 
by causing it to detach from PSII (Tandeau de Marsac, 1977; Zilliges et al., 2011) and move to 
PSI (Chen et al., 2015). The end result would be the same. By decreasing PSII and increasing PSI, 
microcystins could decrease photoinhibition under high light conditions. The detached 
photosystem model is similar to the LHC model in higher level organisms. Plants and green algae 
use  reduction of the plastoquinone (PQ)  pool to activate a protein kinase which phosphorylates the 
membrane-bound light harvesting complex II (LHCII). The phosphorylated LHCII moves from 
PSII to PSI during transitions from State 1 to State 2. The movement of the LHCII from one 
photosystem to the other redistributes the excitation energy of the photosystems excitation energy 
arriving at PSI and PSII (Minagawa, 2011). Microcystins may still have a role in preventing the 
dephosphorylation of these proteins, allowing more efficient energy transfer and state transitions. 
Knockout mutants of these kinases and phosphatases in Synechococcus or Synechocystis strains 
did not show any differences in state 1-state 2 transitions from the wildtype (Calzadilla et al., 
2019). However, the unicellular Synechococcus and Synechocystis may not be a good model 
system for colonial Microcystis. Chen et al. (2015) showed these state-transitions do occur due to 
phosphorylation of the PBS on the phycocyanin subunits in Microcystis; but this experiment did 
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not examine a role for  microcystins. Direct phosphorylation and dephosphorylation of the PBS 
proteins was not measured in this dissertation. Further investigations into the changes in 
phosphorylation within the PBS and concentration of microcystins is a vital step in understanding 
why microcystins are produced by these organisms.  
 
6.3 What is the effect of reactive oxygen species in cyanobacteria photosystems? 
Photosynthetic organisms need to respond quickly to changing environmental conditions 
for efficient photosynthesis to avoid the formation of dangerous reactive oxygen species (ROS). 
Environmental stressors, like high light, disturb the photosystem and cause the PSII electron 
acceptors to become reduced. This would hinder the photochemical relaxation of P680*, causing 
higher PSII excitation pressure. If this excitation of chlorophyll is long-lived, production of 
reactive oxygen species can occur. Photoinactivation of PSII can occur when ROS initiate 
detrimental oxidative responses within PSII. Photosynthetic organisms have evolved 
photoprotective mechanisms to quickly reduce excitation pressure of PSII by downregulating the 
antenna length, releasing excess excitation energy as heat and fluorescence, or rerouting the energy 
flow to PSI (state transitions) (Derks et al., 2017) and pushing the photosystem into state 2 (cyclic 
electron flow).  
When Microcystis spp. are under high light intensities, the saturation of the photosystem 
can lead to the production of ROS and susceptibility to photoinhibition (Walsh et al., 1997). High 
light intensities have also been correlated with a slowdown in the energy transfer and electron 
transport in the photosystem resulting in the generation of ROS. Acclimation to high light in some 
cyanobacterial strains could be using orange carotenoid proteins (OCP) to quench excitation 
energy in response to high-light stress since (Latifi et al., 2009), but the amount of OCP can vary 
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per strain.  
Oxidative stress effects have been demonstrated in different Microcystis strains. Enhanced 
transcription of the mcy operon has been shown under high light conditions (Kaebernick et al., 
2000). Toxic strains of Microcystis were more resilient to reactive oxygen species (ROS) response 
than non-toxic strains of the same genus. The rationale for cyanobacteria to be more susceptible 
to ROS was plants and algae require the well-known enzymes (i.e. catalases, peroxidases, and 
peroxiredoxins) to breakdown H2O2 (Vlasits et al., 2007; Bernroitner et al., 2009; Obinger et al., 
2016) produced by superoxide dismutase during photosynthesis (Latifi et al., 2009), but ROS may 
not be produced at higher enough levels in cyanobacteria due to the A-type flavoproteins used in 
photosynthesis that does not form ROS (Helman et al., 2003; 2005).  This may make cyanobacteria 
more sensitive to the addition of exogenous ROS species, such as H2O2. We found there was no 
difference in hydrogen peroxide sensitivity between cyanobacteria and chlorophytes reaction to 
upon addition of H2O2 and that cyanobacteria were not more sensitive than most chlorophytes to 
H2O2 as has been previously suggested (Drábková et al., 2006; Barrington & Ghadouani, 2008). 
Overall, these results suggest that care must be taken in using these ROS compounds as a specific 
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